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ABSTRACT 
The purpose o f  t h i s  study i s  t o  invest igate  t h e  propert ies  of  
bulk semiconductor mater ia ls  f o r  appl icat ion as millimeter- and 
submillimeter-wave detectors using a downconversion process. The hot- 
e lectron e f f e c t  serves as the process responsible f o r  the detect ion 
mechanism. Power applied a t  t h e  millimeter-wave frequency causes a 
change i n  t h e  mater ia l  conductivity, which i n  t u r n  causes a change i n  
t h e  microwave power absorption. Millimeter- and submillimeter-wave 
detect ion can be achieved by monitoring the corresponding change i n  the 
microwave power absorption. 
In  order  t o  determine t h e  c h a r a c t e r i s t i c s  of t h e  downconverter, 
a thorough study of t h e  propert ies  of shallow-type impurity semiconductors 
i n  t h e  presence of microwave and dc magnetic f i e l d s  w a s  c a r r i e d  out as a 
function of temperature (4.2 t o  300°K) 
perturbation techniques were used t o  determine t h e  propert ies  of the 
mater ia l  and t h e  t h e o r e t i c a l  and experimental r e s u l t s  were compared. 
The hot-electron e f f e c t  was found t o  be ins igni f icant  above l i q u i d  
nitrogen temperature and the sca t te r ing  mechanisms were dominated by 
acoustic and polar  modes over the same temperature range. 
Measurements using cavi ty  
The r e s u l t s  on the mater ia l  study are  u t i l i z e d  t o  develop t h e  
physical propert ies  of the detect ion scheme using an equivalent c i r c u i t  
approach. Expressions f o r  t h e  conversion loss, noise  equivalent power 
and response time a r e  given. 
performance on the mater ia l  and c i r c u i t  parameters i s  studied and t h e  
optimum values f o r  these parameters a r e  given. 
The dependence of the downconverter's 
An experimental program was car r ied  out  t o  demonstrate the 
f e a s i b i l i t y  of the  detection scheme. A high-purity n-type indium 
antimonide sample mounted i n  a reentrant  cav i ty  and cooled t o  4 . 2 O ~  w a s  
successfully operated as a m i l l i m e t e r -  and submillimeter-wave detector .  
The device was t e s t e d  between 35 and 150 GHz with no long o r  short  
cutoff wavelength observed. A minimum terminal-to-terminal conversion l o s s  
and NEP of 11 .5  dB and 6.8 x W per u n i t  bandwidth w a s  measured. 
No marked improvement w a s  observed by introducing t h e  magnetic f i e l d .  
The conversion loss and NEP can be improved by as much as 10, dB through 
proper choice of mater ia l .  
In br ie f ,  the  scheme o f f e r s  a fast, highly sens i t ive  and rugged 
detector  with low conversion l o s s .  It excels over bulk mixers by 
eliminating the need f o r  t h e  l o c a l  o s c i l l a t o r  a t  the  millimeter-wave 
frequency, and over Putley detectors  (de biased) with regard t o  t h e  speed 
of response and the  elimination of f l i c k e r  noise.  
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CHAPTER I- INTRODUCTION 
1.1 Uses and Potent ia l  Applications fo r  Millimeter and Submillimeter Waves 
The usefulness of mill imeter and submillimeter waves i n  the  f ie lds  
- ' -  - --
of spectroscopy,' radio astronomy* and atomic and mo'lecular physics a r e  
wel l  known. 
ca t ion  systems i n  t h i s  wavelength range excels i n  comparison w i t h  micro- 
wave and o p t i c a l  systems. The appl icat ions include high-resolution radar, 
navigation aids, sensing devices and space communications. The advantages 
of using mill imeter waves compared t o  microwaves include l ightweight 
miniature commnents, increased bandwidth and higher resolut ion,  and when 
compared t o  o p t i c a l  waves the  millimeter-wave systems experience less 
atmospheric and background noise and a l s o  have a higher r e l i a b i l i t y .  
Moreover, it has been shown3 t h a t  the  po ten t i a l  for communi- 
The slow progress and lack  of t h r u s t  i n  such a v i t a l  a rea  of the  
spectrum can be a t t r i b u t e d  t o  t he  r e l a t i v e  lack  of  a v a i l a b i l i t y  of s igna l  
sources and sens i t ive ,  fast and r e l i a b l e  de tec tors  .4 
been subs t an t i a l  progress i n  the  f i e l d  of s igna l  generation. Klystrons 
are ava i lab le  a t  frequencies up t o  170 GHz, while carcinotrons have been 
operated CW at frequencies up t o  600 GHz, giving 10 rnW of power. 
generators using point  contact diodes a re  used as s igna l  sources above 
600 GHz. 
by the  high conversion loss involved together  w i t h  t he  low burnout s igna l  
l eve l .  Current research on avai lable  avalanche diodes shows tha t  these 
devices a b e  usefu l  as s igna l  sources i n  the millimeter-wave range. 
Recently the re  has 
Harmonic 
However9 t h e  output power of these harmonic generators i s  l imi ted  
-1- 
-2 - 
1.2 Evaluation - of Available Detectors -
1.2.1 Basis of Comparison of Differept Detectors. It i s  d i f f i c u l t  - _.-
t o  develop a systematic scheme f o r  comparing. the performance of millimeter- 
and submillimeter-wave detectors,  although several  attempts have been 
made i n  t h i s  d i rec t ion .  These include t h e  work by Jones,5-'6 Putley7 and 
Krumm.' Jones treatment i s  phenomenological i n  nature e Putley surveys 
t h e  best avai lable  detectors  and compares t h e i r  performance. On the o t h e r  
hand Krwnm pursues the  analysis  develo@ed by McLean and Putley' t o  determine 
the  t h e o r e t i c a l  s e n s i t i v i t y  l i m i t s  f o r  various detectors.  
i n  s e t t i n g  universal  c r i t e r i a  f o r  comparing millimeter- and submillimeter- 
wave detectors  can be summarized as  follows. F i r s t ,  t h e  s u i t a b i l i t y  of 
a detector  depends on t h e  intended appl icat ion.  For example, a de tec tor  
very su i tab le  f o r  radio astronomy might be considered i n f e r i o r  f o r  
communication purposes - Second, the  mechanisms and modes of operation 
of each group of detectors  a r e  bas ica l ly  d i f fe ren t .  This indicates  t h a t  
it i s  more meaningful t o  consider t h e  "usefulness" of a detector .  
The d i f f i c u l t y  
In 
evaluating such "usefulness," t h e  fdllowing parameters are considered 
valuable : 
1. The noise equivalent power (NEP), which i s  defined as t h e  power 
input t o  the de tec tor  which w i l l  give r i s e  t o  a mean-square output equal 
t o  the mea-square value of t t ?  output noise.  When normalized t o  a 1 Hz 
bandwidth 
detector ,  a prac t ice  which w i l l  be followed throughout 
it gives  a good measure of the  detect ion capabi l i ty  of  t h e  
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2 ,  The response time, which measures the capabi l i ty  of the 
detector  t o  respond t o  modulated s ignals  at  su f f i c i en t ly  rapid r a t e s .  
3.  The bandwidth, which i s  defined as the  frequency range over 
which the  de tec tor ' s  response does not  de te r iora te  appreciably. 
4. The dynamic ranges which i s  the  r a t i o  of t h e  maximum t o  t h e  
minimum detectable  s igna l  levels .  
whenever the signal l eve l  t o  be detected var ies  appreciably. 
This character i s  of importance 
5e The ease of operation, r ea l i za t ion  and maintenance of the 
device. 
With the  above c r i t e r i a  Of usefulness of millimeter- and 
submillimeter-wave detectors  i n  mind a review of the best  avai lable  ones 
i s  presented next .  
1.2.2 Thermal Detectors. In  t h i s  c l a s s  of detectors  the incident 
radiat ion causes a change i n  the  temperature of t he  sens i t ive  element 
of t he  detector  which i n  turn  w i l l  change i t s  e l e c t r i c a l  propert ies .  
This change can be used t o  monitor the incident radiat ion.  Bolometers, 
thermocouples and the  Golay c e l l  are  the  most prominent examples. 
inherent thermal i n e r t i a  involved i n  the  detect ion mechanism causes the 
response time t o  be large.  
can be used f o r  power monitoring purposes when the speed of response i s  
not important. 
1 Hz bandwidth and a time constant around 15 ms. 
The 
The Golay c e l l  works at  room temperature and 
The best  avai lable  Golay c e l l  has an NEP of 10-l' W over 
The performance of superconducting and cooled bolometers surpasses 
the  Golay c e l l ,  however they need cooling t o  cryogenic temperatures 
(le5 t o  2.3 'K)* 
whose NEP i s  3 x 
Martin and Bloor" reported a superconducting detector  
W over 1 Hz bandwidth and a time constant of 
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1-25 s at the operating temperature of 3.7"K. Germanium bolometers11912 
cooled t o  2,15'K and 4,2"K have an NEP of 5 x 1 0 ' 1 3 W  per  u n i t  bandwidth 
w i t h  a time constant of 0 - 3  m s  fo r  the  f i rs t  detector .  
1.2.3 Point-Contact - and Junction Diodes. Point-contact diodes 
mounted i n  waveguide sect ions have been used as video or superheterodyne 
detectors  i n  the  frequency range from 30 t o  220 GHz.13 
advantage of t h i s  type of detector i s  that  it does not need cool-ing. 
However above 30 GHz t h e  
The main 
performance of these detectors  starts f a l l i n g  
due t o  the  shunting e f f ec t  o f  the  junction capacity. To reduce the  contact 
capacity, extremely f i n e  points  a r e  used f o r  t he  contact.  
contacts impose severe burnout r e s t r i c t i o n s  d ic ta ted  by the  f a i l u r e  of the  
junction t o  d iss ipa te  high-level absorbed power. S t ra ight  video detectors  
at 140 GHz were reported14 t o  have an NEP of 1.6 x 
bandwidth. However these detectors  a r e  expected t o  have a time constant 
around 10 ps. Point-contact superheterodyne receivers  sur-pass the  video 
detectors  i n  achieving b e t t e r  s e n s i t i v i t y  and lower response time. It 
has been indicated by Dees4 tha t  an NEP of W and a response time 
as small as lo-' s could be achieved. The disadvantages of t h i s  c l a s s  
of  detectors a re  the  burnout l imi ta t ions  together w i t h  t he  sca rc i ty  of 
high-level, low-noise, l o c a l  o s c i l l a t o r  sources at  these frequencies e It 
The small-size 
W per u n i t  
i s  a l so  worth noting that the  response af these detectors  fa l ls  off as 
the  IF increases which imposes fu r the r  demands on the  s t a b i l i t y  and 
t u n a b i l i t y  of the l o c a l  o s c i l l a t o r  source.. 
1.2.4 Narrow-Band Quantum Detectoys A narrow-band quantum 
detector  u t i l i z e s  the  quantum t r ans i t i ons  between d i sc re t e  energy l eve l s  
t o  monitor the incident radiat ion.  The bandwidth of t h i s  detector  is  
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l imited by t h e  resonance absorption linewidth, and i t s  t i m e  constant 
i s  l imited by the  relaxat ion r a t e s  of the  excited s t a t e s  involved. The 
main advantages of  t h i s  kind of detector a r e  the  narrow bandwidth and 
tuning a b i l i t y .  This makes thep  good candidates f o r  appl icat ions i n  
spectroscopy and radio astronomy. 
have been t r ea t ed  by Krurnm and Haddad" and by Krumm.' An NEP of 
Narrow-band tunable quantum detectors  
0.5 x 
achieved at 4 , 2 " ~ .  
W per un i t  bandwidth with a time constant of 4 m s  were 
However the  s e n s i t i v i t y  can be traded f o r  a higher 
speed of response by working at  l i qu id  nitrogen temperature. 
1.2.5 Detectors Using - Bulk Semiconductor Materials. In 1961 
Rollin'' indicated the  f e a s i b i l i t y  of detect ing millimeter- and 
submillimeter-wave radiat ion by f r e e c a r r i e r  absorption i n  indium 
antimonide. 
been developed and incorporated in millimeter- and submillimeter-wave 
systems by Putley'7518 Kinch and Rollin" and Giggey e t  
detectors  a r e  re fer red  t o  as Putley detectors .  
Dc biased indium antimonide photoconductive detectors  have 
These 
Putley detectors  can be operated as wideband o r  narrow-band tunable 
ones in the  presence of small or high magnetic f ie lds ,  respect ively,  The 
best  known Putley detector17 has an NEP of 5 x 
a time constant of 2 x 
a temperature of  1,5"-K. 
with no magnetic f i e l d ;  i t s  NEP and t i m e  constant a r e  10-la W over 1 Hz 
W over 1 Hz and 
s . i n  the presence of a magnetic f i e l d  and at 
Another detector17 has been operated a t  4 . 2 " ~  
bandwidth and lo-" 8, respect ively,  Giggey e t  reported an NEP 
per un i t  bandwidth of W and a t i m e  constant of 0.25 11s at l iqu id  
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The f e a s i b i l i t y  of superheterodyne receivers using mixing in 
bulk indium antimonide was first demonstrated by Arams e t  and 
recent ly  by Whalen and Westgate.22 Arams and h i s  co-workers measured 
a conversion loss of 22.6 and 25.7 dB a t  1,8 and 4,2'~, respectively,  
i n  the  frequency range between 30 and 40 GHz. 
reported a conversion loss at 69 GHz that varied from 9 t o  28 dB as t h e  
operating temperature was changed between 1.5 and 22'K. There i s  no 
information ava i lab le  on the  NEP of t h i s  c l a s s  of detectors ,  The dc 
bias current required t o  optimize the  detection w i l l  contr ibute  t o  the  
low-frequency noise generated within the  mixer. 
disadvantage of these detectors  i s  t h a t  t he  intermediate frequency is  
r e s t r i c t e d  t o  about 1 MHz. The l i m i t  on the intermediate frequency is 
s e t  by the  long energy relaxat ion time of t he  ca r r i e r s .  This f a c t  i s  
an added inconvenience t o  t h e  presence of a l o c a l  o s c i l l a t o r  at such a 
high frequency. 
detectors .  
Whalen and Westgate 
However the  main 
It w i l l  a l s o  hinder t h e  tuning capabi l i ty  of such 
- 1 . 3  Microwave-Biased - Bulk Semiconductor Detectors 
The previous sect ion indicates  t h a t  detectors  employing bulk 
semiconductor mater ia l  as t h e i r  sens i t ive  element a r e  superior concerning 
t h e i r  speed of response and MEP. 
f i e l d s  of communications, spectroscopy and many o ther  appl icat ions,  In 
a Putley detector  the  incident radiat ion changes the  conductivity of 
the  dc biased bulk mater ia le  
sampling resis tance and amplified using a low-noise amplif ier .  
They a r e - t h e  most promising i n  the  
This change i s  monitored through a 
Ohmic 
contacts a re  required which add t o  the  complexity of sample manufacture. 
-'I - 
The response time i s  l imited by the  c i r c u i t  res is tance and d is t r ibu ted  
capacitance, which i s  a t  least one order of magnitude la rger  than the  
c a r r i e r  re laxat ion time and four  orders o f  magnitude l a rge r  than t h e  
d i e l e c t r i c  re laxat ion time. Moreover t h e  NEP i s  degraded by the  low- 
frequency f l i c k e r  noise due t o  the dc bias  and i s  e s sen t i a l ly  l imi ted  
by the  r e l a t i v e l y  low-input impedance postamplifier.  This indicates  
t h a t  the dc bias  i s  the main f ac to r  toward degrading the  performance 
of t h i s  c l a s s  of detectors .  
It has been s h o ~ n * ~ - ~ ~  t h a t  a photoconductor with high-frequency 
bias  outperforms one with dc bias  f o r  a l l  p rac t i ca l  s igna l  leve ls .  The 
improvement is  due t o  the  f a c t  t h a t  t h e  bias  s igna l  changes p o l a r i t y  
many times during a photocarr ier  l i f e t ime  which e f fec t ive ly  loca l izes  
the  c a r r i e r s  within the material  and increases t h e i r  l i fe t ime.  Moreover 
the  sens i t i v i ty ,  NEP and time constant w i l l  not be degraded by the  low- 
input impedance amplif ier  since high-resistance samples can be capaci t ively 
coupled t o  a microwave cavi ty  or a waveguide. 
- -  1.3.1 A Summary -__. of the  Detection Scheme Invest igated Here. The 
basic elements of the detect ion scheme a r e  shown i n  Fig. 1.1 and consis t  
of t h e  following: 
1. A cavi ty  containing t h e  semiconductor sample, which is  placed 
i n  t h e  highest f i e l d  region t o  ensure t h e  grea tes t  in te rac t ion  between 
the  mater ia l  and the  incident radiat ion.  
2. A l o c a l  o s c i l l a t o r  (at a microwave frequency) which i s  coupled 
t o  the cavi ty  through a c i r cu la to r .  
3 .  A low-noise amplifier and conventional detector ,  The low- 
noise  amplif ier  m y  not be needed if t h e  responsivity of t he  system 
i s  high enough. 
’/ /- 
<QW-NQlSE AM 
FIG. 1.1 PROPOSED HIGR-FFCEQUE 
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4. A coupling hole f o r  t he  high-frequency signal t o  be detected, 
The scheme could work e i t h e r  on a photoconductive basis if the  
c a r r i e r s  a r e  bound t o  the impurity band, o r  by flree-carrier absorption 
if the  impurity and conduction bands overlap. 
i s  s imi la r  t o  a downconverter where the high-frequency signal t o  be 
detected causes a change i n  the mater ia l  properties,  which can be 
monitored at  the  microwave frequency, 
In both cases the  scheme 
To i l l u s t r a t e  the  pr inc ip le  of the detect ion scheme on a 
photoconductive basis, assume that the semiconductor mster ia l  has an 
energy-band p ic ture  as shown i n  Fig. 1.2. 
If a l l  the  electrons a re  residing i n  the  valence and impurity 
bands and the  frequency of the l o c a l  o s c i l l a t o r  i s  such t h a t  f < aE/h 
(h i s  Planck's constant) ,  t h e  mater ia l  then w i l l  behave as a d i e l e c t r i c  
and the coupling coef f ic ien t  of the  l o c a l  o s c i l l a t o r  t o  the cavi ty  can be 
adjusted t o  a desired value of r e f l ec t ed  power. 
frequency t o  be detected is such t h a t  fs  >&/ti then i l luminating 
the  mater ia l  w i l l  change i t s  r e s i s t i v i t y  and, i n  turn, t h e  r e f l ec t ion  
coef f ic ien t  between the l o c a l  o s c i l l a t o r  and the  cavity;  thus  changing 
the  power a r r iv ing  at  the  conventional detector .  
re f lec ted  power is a measure of t h e  s igna l  p o w e r  t o  be detected.  
10 
However, i f  t he  s igna l  
The change i n  the  
On t he  o the r  hand if  the  c a r r i e r s  a r e  not bound t o  t h e  impurity 
band the radiat ion incident on the semiconductor sample w i l l  be absorbed 
by t h e  f r e e  c a r r i e r s .  
increase above the  value corresponding t o  t h e  l a t t i c e  temperature.26 
increase i n  the  c a r r i e r s '  energy due t o  the absorption of t h e  incident  
rad ia t ion  w i l l  cause a change i n  the mbi l i t y  of t he  sample and, i n  turn, 
As a resu l t  t he  energy of t he  f r e e  c a r r i e r s  w i l l  
The 
- 
FIG. 1.2 ENERGY-BAND PICTURE OF A SEMICONDUCTOR MamRIAL FOR USE IN 
THE PROFOSED DETECTION SC!HE%E, 
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i ts  conductivity w i l l  change with t h e  incident rad ia t ion .  The s igna l  
t o  be detected can be monitored, as  indicated previously, by monitoring 
the  re f lec ted  microwave power. 
This scheme combines a l l  the  a t t r a c t i v e  features  of detectors  
using bulk semiconductor materials.  These include ruggedness, s implici ty  
and ease of manufacture and no burnout l imi ta t ions .  When compared t o  
the Putley detector,  t he  scheme makes it possible t o  use high-purity 
samples thus reducing the trapping e f f e c t s  which ser iously degrade the  
performance of an insulat ing s e m i c o n d ~ c t o r . ~ ~  
fo r  ohmic contacts since the  sample can be capaci t ively coupled t o  the  
cavity.  These f ac to r s  w i l l  introduce a higher gain bandwidth, f a s t e r  
speed of response and lower NXP. 
It eliminates the need 
It w i l l  be shown t h a t  microwave-biased and heterodyne detectors  
using bulk semiconductors w i l l  have a similar conversion loss.  Most 
important, the  need f o r  a s t ab le  l o c a l  o s c i l l a t o r  at the  millimeter-wave 
frequency can be eliminated. 
makes microwave-biased semicpnductor detectors  highly desirable  f o r  
appl icat ions above 100 GHz where tunable and s t ab le  l o c a l  o s c i l l a t o r s  
a r e  scarce, and where the  performance of most detectors  starts t o  
de te r iora te .  The only inconvenience in  using these detectors  i s  t h e  
operation at  cryogenic temperatures, however, t h i s  i s  qui te  f eas ib l e  
with the  use of closed re f r igera t ion  systems e 
This i s  a very important f ea tu re  which 
1.3.2 Outline of the Present Study. The main purpose of t h i s  
study i s  a thorough evaluation of microwave-biased bulk semiconductor 
detectors  f o r  the  millimeter- and submillimeter-wave region of the 
spectrum. Theoretical  and experimental invest igat ions were car r ied  out 
fo r  t h i s  purpose. 
--
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Chapter I1 deals w i t h  the propert ies  of a shallow donor impurity 
semiconductor as a function of temperature i n  the presence of e l e c t r i c  
and magnetic f i e l d s .  A two-band conduction model i s  used t o  determine the 
material  conductivity and d i e l e c t r i c  constant i n  the  presence of these  
f i e l d s  Measurements t o  compare t h e  theo re t i ca l  and experimental r e s u l t s  
a r e  car r ied  out us- cav i ty  perturbation techniques. 
In Chapter I11 a derivatioh of the  equivalent c i r c u i t  of a semi- 
conductor sample placed i n  a cavity is given. 
change i n  the power absorbed by the cavi ty  and the  shift i n  i t s  resonant 
frequency t o  t h e  conductivity and t h e  d i e l e c t r i c  constant of t h e  sample 
a r e  derived. 
coupling problem. 
The equations r e l a t ing  the  
This chapter w i l l  a l so  include a theo re t i ca l  ana lys i s  of t h e  
Chapter IV i s  devoted t o  a theo re t i ca l  der ivat ion of t he  detector  
parameters. Expressions for the  NEP, conversion loss and an evaluation 
of the response time a r e  given. 
scheme a r e  presented i n  Chapter Vo 
the  theo re t i ca l  l i m i t s  and current ly  ava i lab le  detectors .  
Finally,  Chapter V I  includes a discussion of the  basic conclusions 
The experimental r e s u l t s  on the  detection 
These r e s u l t s  w i l l  be compared w i t h  
and the suggestions for fu ture  work. 
CHAPTER 11. THEORY OF CONDUCTION I N  INDIUMANTZMONIDE 
2.1 - Introduction 
This chapter i s  devoted t o  the  study of bulk semiconductor materials 
su i t ab le  f o r  mill imeter- and submillimeter-wave detection. It was indicated 
i n  Chapter I t h a t  detectors  using bulk semiconductor materials can be 
operated i n  a photoconductive mode, o r  by f r ee -ca r r i e r  absorption. The 
mechanism of photoconductive detectors  depends on the  existence of bound 
c a r r i e r s  which can be exci ted in to  a conduction s t a t e  by t h e  incident  e l ec t ro -  
magnetic rad ia t ion .  In the  case of a semiconductor, t he  incident  rad ia t ion  
exc i tes  c a r r i e r s  from e i t h e r  t he  valence o r  impurity band in to  the  conduction 
band. These de tec tors  are character ized by a long wavelength cu tof f .  For 
the  photoconductive e f f e c t  t o  be observed, t he  electromagnetic rad ia t ion  
should provide at l e a s t  the  minimum energy required t o  f r e e  t h e  bound 
c a r r i e r s ,  i .e., 
> 
hfs = AE , 
d 
where f = t h e  frequency of t he  s igna l  t o  be detected, 
S 
h = Planck's constant and 
&E = t he  energy gap. 
A t  t h e  same time t h e  l a t t i ce  thermal energy should be smaller than m: 
k T < A E ,  
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where k = Boltzmann's constant and 
T = the l a t t i c e  temperature i n  O K .  
Equations 2,1 and 2.2 show that  i n  order t o  de tec t  electromagnetic rad ia t ion  
of  1 mm wavelength, t h e  energy gap should be l e s s  than 1 , 2  x eV and 
t h e  semiconductor mater ia l  should be cooled below l k o K .  Such a s m a l l  
energy gap i s  impossible t o  achieve wi th  i n t r i n s i c  semiconductor mater ia ls  
s ince most of them have an energy gap which i s  two t o  three orders  of 
magnitude g rea t e r  than t h e  required one. Therefore shallow-type impurity 
semiconductors a r e  most su i tab le  f o r  t h i s  purpose. 
On the  o the r  hand if a d i sc re t e  energy-band p ic tu re  as shown i n  
F ig .  1.2 does not  ex is t ,  t h e  detector  can operate  by f r ee -ca r r i e r  absorption 
i f  the  proper mater ia l  i s  chosen. 
s e n s i t i v i t y  of detectors  operating on t h i s  pr inc ip le  i s  inversely proport ional  
It has been shown by Rollin'' t h a t  t h e  
t o  t h e  f r ee -ca r r i e r sb  e f f ec t ive  mass - 
Assuming that ,  f o r  low concentrations, t he  impuri t ies  i n  type 
I11 and V semiconductors a r e  f a i r l y  wel l  approximated by a hydrogen-like 
model, the ionizat ion energy AE and t h e  o r b i t a l  radius  r * a r e  given by 
n 
-0 - e2 
mn - * 
"rrn 
and 
where e = t he  e lec t ronic  charge, 
E = the r e l a t i v e  d i e l e c t r i c  constant of the material, r 
n = t he  p r inc ipa l  quantum number and 
-x 
m = t he  e f f ec t ive  mass of the  charge c a r r i e r s  i n  t h e  mater ia l ,  
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Applying Eqs.  2.3 t o  n-type InSb, which has an ef fec t ive  mass 
of 0.0133 times the  f r e e  electron mass and an of 16, it i s  found tha t  
the  ionizat ion energy for impurit ies i s  approximately O,7 meV. This 
value f o r  the ionizat ion energy, together w i th  the small e f f ec t ive  mass, 
makes n-type InSb one of the  most appropriate media f o r  millimeter- and * 
submillimeter -wave detect  ion e 
2.2 Two-Band Conduction - i n  Indium Antimonide --
Due t o  the small e f fec t ive  mass and the  r e l a t i v e l y  l a rge  d i e l e c t r i c  
constant of n-type InSb, t he  donor e lectron wave functions overlap even 
a t  l i q u i d  helium temperature and reasonably low concentrations. 
cause the impurity and conduction bands t o  merge together.  This e f f e c t  has 
This w i l l  
been demonstrated by many authors.28-30 Following Conwell's analysis ,  31 
the c a r r i e r  concentration N a t  which the  impurity band merges completely 
C 
w i t h  t he  conduction band and t h a t  required f o r  band formation Nb can be 
estimated. 
on a regular  uniform l a t t i c e  and the  atomic polyhedra surrounding each 
impurity ion a re  approximated by spheres of radius  rs such thatt 
In t h i s  analysis  t he  impurity ions are assumed to be arranged 
where N = the  ne t  impurity concentration. The concentration at which 
the impurity and conduction bands merge together  should occur approximately 
a t  rs = r 
rs = 5rl, where r 
these conditions y ie lds  : 
1 
* and tha t  required f o r  band formation should be about 
1' * * 
1 
is  the  f i rs t  Bohr radius of t he  impurity atoms Applying 
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and 
Using an e f f ec t ive  mass of 0,0133 mo i n  Eqs. 2.5 and 2.6, the  impurity and 
conduction bands merge together  at a concentration of approximately 
0.92 x loL5 cm-' and a concentration of at most 0.74 x lo1' cm-3 i s  required 
for the  fami l ia r  band p i c tu re  t o  preva i l ,  It i s  a l s o  worth noting tha t  i f  
t h e  randomness of the  impurity centers  i s  taken i n t o  account t h e  c i t e d  
number would be lower. Between these two values of aoncentrations the  two- 
band conductdon model, f irst  introduced by Hung,= i s  most su i t ed  f o r  study- 
ing the  proper t ies  of these materials.  In  t h i s  model d i f f e ren t  values f o r  
t he  mobili ty and e f f ec t ive  mass a re  assigned t o  the  c a r r i e r s  i n  each band. 
Although the  purest  ava i lab le  InSb has a concentration g rea t e r  
than lo1' cm-', energy bands can be achieved i n  t h e  presence of a 
magnetic f i e l d .  Magnetically induced banding i n  InSb was  discussed 
theo re t i ca l ly  by Yafet e t  a l .  '' and invest igated experimentally by 
many authors, among them a r e  Keyes and Sladek;'* Sladek;"5 Brown and 
K i m m i t 3 6  and recent ly  by Ape1 e t  a1.37 
electron motion being quantized i n  the plane perpendicular t o  the  magnetic 
f i e l d  and was intended t o  explain Hal l -effect  measurements and photoconductive 
e f f e c t s  i n  InSb. I n  a l l  cases dc b ias  was applied t o  the samples under 
test which caused the e lec t rons  t o  be heated considerably. 
The two-band conduction model w i l l  be used t o  study the  microwave 
The e f f ec t  depends on the  
proper t ies  of t h e  bulk mater ia l  as a funct ion of temperature and magnetic 
f i e l d  
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2.2.1 
presence of a 
Calculations of t h e  Freeze-out  Magnetic F ie ld .  
magnetic f i e l d  t h e  motion of t h e  impurity e lec t rons  become 
In  the  --
quantized i n  t h e  d i rec t ion  perpendicular t o  t h e  magnetic f ie ld .  The 
conduction band w i l l  be s p l i t  i n to  Landau l e v e l s  w i t h  an energy d i f fe rence  
of %acg where wc i s  t h e  angular cyclotron frequency. 
shown by P ~ t l e y ~ ~  t h a t  the  number of states i n  t h e  lowest Landau l e v e l  
i s  g rea t e r  than the  number of ava i lab le  e lec t rons  f o r  a l l  impurity 
concentrations of i n t e r e s t  here. The quantization i n  the  plane normal t o  
the  magnetic f i e l d  tends t o  cause the  e lec t rons  t o  become strongly t i e d  
t o  t h e i r  impurity ions as the  magnetic f i e l d  is  increased. A t  a c e r t a i n  
value of the  magnetic f i e l d  %, e s s e n t i a l l y  a l l  
bound t o  t he i r  impurity ions and the  overlap between t h e  impurity and 
conduction bands i s  reduced t o  a minimum. The c r i t e r i o n  f o r  band formation 
i s  tha t  the average cyclotron radius  <r > equals t he  separat ion between 
the  donor ions r . The cyclotron radius  corresponding t o  a magnetic f i e l d  
i n t e n s i t y  B i s  given by 
However, it was  
t he  c a r r i e r s  become 
C 
S 
* 
m v  r = -  
C m 
where v i s  the  ve loc i ty  of the charge c a r r i e r s  in t h e  plane perpendicular 
t o  B and q i s  the  c a r r i e r ' s  charge. 
A s  a f i r s t - o r d e r  approximation f o r  determining <re>, a Maxwellian 
The energy of t h e  c a r r i e r s  e w i l l  be given by: d i s t r i b u t i o n  i s  assumed. 
e N - kTe + h f ~ o  9 
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where Te i s  the  e lec t rons’  temperature, which might be d i f f e r e n t  from the  
l a t t i c e  temperature as a r e s u l t  of t h e  heating e f f e c t  of t he  monitoring 
microwave radiat ion,  whose frequency i s  f loe  
t o  4.135 x los2 meV, which i s  too small compared t o  the  thermal energy, 
down t o  l i q u i d  helium temperature. 
neglected i n  Eq. 2.8. 
of i n t e r e s t ,  which implies t h a t  the  c a r r i e r s  w i l l  only be l imi ted  t o  t h e  
f i r  s t  Landau level e 
A t  10 G H z ,  hflo corresponds 
Therefore hflo can be safe ly  
In addition, hflo i s  smaller than the  yiWc values 
From Eq. 2!.7, 
* 
<PC> = <v> , 
S’ 
and the  freeze-out magnetic f i e l d  % can be obtained by equating r 
defined i n  Eq. 2.5, t o  <re> giving: 
If the  magnetic f i e l d  i s  or ien ted  along 
v w i l l  be given by 
t h e  z-axis, t he  average value of 
* 
where v2 - + v2 and a2 = m /2kTe. 
subs t i t u t ing  the  value of <v> i n  Eq. 2.9 yields ,  
Carrying out  t he  in tegra t ion  and - v x  y 
-19- 
(2.11) 
The value of q w i l l  depend on the  nature of the  chemical bond between 
the  indium and antimony and can be expressed by the following 
r e l a t ion  
* 
q = e e ,  (2.12) 
++ 
where e is  the  e f f ec t ive  charge r a t i o  of t he  c a r r i e r s .  In InSb the  indium 
atom has three valence electrons and the antimony atom has f ive .  If no 
charge t r ans fe r  occurs between the  indium and the  antimony (InoSbo), 
the binding i s  neut ra l .  
(In 
antimony atom acquires all. th ree  valence electrons of an indium atom 
( In  Sb ), the  binding becomes purely ionic .  The previous argument i s  
an oversimplification and could be conclusive i n  determining e if the 
charge d i s t r ibu t ion  near the  ions i s  intense and a de f in i t e  boundary 
e x i s t s  between the neighboring ions, which i s  the case only f o r  ionic 
c rys t a l s .  Since the  binding i n  InSb is  l i k e l y  t o  be a mixture of a l l  
three bonds, a more rigorous means t o  determine e i s  necessary- It 
was indicated by 
difference between the  e lec t ronic  p o l a r i z a b i l i t i e s  of the two ions 
concerned and the parameters describing the  short-range in te rac t ion .  This 
idea was pursued by Hass and H e n ~ i s * ~  by studying the  inf ra red  l a t t i c e  
r e f l e c t i v i t y  of InSb a t  l i q u i d  helium temperatureB 
However, i f  each indium atom acquires an electron 
+1 
Sb-l) ,  the  binding i s  purely covalent. On the other  hand i f  each 
-3 $.3 
* 
.3c 
C0chran41 that  the  e f fec t ive  ionic  charge depends on the 
-20 - 
Expressions f o r  t h e  p o l a r i z a b i l i t y  derived by Born and H ~ a n g ~ ~  
which assume a t e t r ahedra l  symmetry were used and r e su l t ed  i n  a value of 
0.42 f o r  e This value agrees f a i r l y  wel l  with t h e  
0.45 value obtained by x-ray 
st 
i n  the  case of InSb. 
The value 0,42 w i l l  be used 
i n  the  following calculat ion,  since Hass and Henvis ca r r i ed  out t h e i r  
experiment using a spectrometer converted t o  gra t ing  operation. This 
reduces the  e f f e c t  o f  e lec t ron  heating and consequently t h e  contribution 
of t h e  f r ee -ca r r i e r  absorption t o  t h e  d i e l e c t r i c  constant t o  a minimum. 
The value obtained from Eq. 2.11 i s  expected t o  be on t h e  lower 
side,  since 46 percent of t h e  c a r r i e r s  have ve loc i t i e s  l a r g e r  than <v>, 
and i n  turn  w i l l  have a la rger  cyclotron radius.  
BFh 
r smaller than or equal t o  r i s  1.72 times 13 Figure 2.1 shows the  
The magnetic f i e l d  
required t o  cause 90 percent of t he  impurity e lec t rons  t o  have an 
C S F' 
values o f B  and BFh as a function of temperature for an InSb sample with 
a n e t  c a r r i e r  concentration of  5 x 10'" ~ r n - ~  and assuming t h e  l a t t i ce  and 
c a r r i e r  temperatures t o  be t h e  same. It should be noted t h a t  i n  obtaining 
Fig. 2 .1  the  c a r r i e r  concentration was assumed t o  be independent of  
temperature. 
F 
2.2.2 The Conductivity - -  of a Semiconductor Material  - i n  Crossed 
- de-Magnetic - and Microwave Fie lds .  
of the material's conductivity and d i e l e c t r i c  constant On crossed 
e l e c t r i c  and magnetic f i e l d s  whose o r i en ta t ion  i s  shown i n  Fig. 2 e 2 a  Both 
c a r r i e r s  i n  the  conduction and impurity bands contribute t o  these parameters. 
This sect ion deals with t h e  dependence 
Theref ore, 
-21- 
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FIG. 2.2 ORIENTATION OF THE FIELDS APPLIED TO THE BULK SESIICONTIUCTORe 
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where pc and n a r e  the  mobili ty and the  number of ca r r i e r sg  respectively,  
C 
i n  t h e  conduction band and pi and ni are those i n  the impurity band. nc and. 
a r e  r e l a t e d  t o  t h e  net c a r r i e r  concentration as follows ni 
n + ni = NI (2.14) 
C 
and t h e  divis ion of t h e  c a r r i e r s  between the  two bands w i l l  depend on 
the  values of the  e l e c t r i c  and magnetic f i e l d s  as wel l  as t h e  temperature. 
It i s  adequate t o  study the  contr ibut ion of e i t h e r  kind of c a r r i e r  t o  t h e  
conductivity and then combine t h e  e f f e c t  of both of them using Eq. 2.13. 
The equation of motion fo r  t he  c a r r i e r s  i n  the presence of a steady 
magnetic induction €3 and a microwave f i e l d  - E i s  expressed a s  - 
dv m* 
d t  T - 
x -  
q E + q v x B  = m - + - v ,  - - -  
where v - = t h e  average p a r t i c l e  ve loc i ty  and 
T = t h e  c a r r i e r  re laxa t ion  t i m e .  
For a quasi-steady state 
jut E = E e  
-1 - 
and 
jut v = v e  
-1 - 
Subs t i tu t ing  Eqs. 2 ~ 6  and 2.17 in to  2.15 r e s u l t s  i n  
.# m qE + q v  X B  = - ( l + j m ) v  
-1 -1 7 -1 
(2.16) 
(2.17) 
(2-18) 
-24- 
Assuming - B to be along the z-axis and expanding Eq, 2.18 in three 
Cartesian components yields, 
* 
m qEly - - (1 + jm)v + qvlxB 
7 lY 
- 
and * 
m 
qElz = - 7 (1 + jm)vlz . 
Equation 2.21 can be reduced to 
- '"WE,, ' V 1 z  
where 1-1 is defined as cu 
- 'Jio - 1 + jcuT 
(2.19) 
(2.20) 
(2.21) 
(2'* 22 
(2,231 
and 1-1 = (q/m*>T. Solving Eq. 2.20 for v and substituting its value 
into Eq. 2.19 yields, 
0 lY 
Arranging,terms and substituting from Eq. 2.23 gives 
Similarly, 
(2.24) 
-23 - 
If n i s  the  number of c a r r i e r s  pe r  un i t  volume i n  t h e  band under 
consideration, then - J, the  contr ibut ion of t h i s  band t o  t h e  cur ren t  
density, i s  given by 
J = nqx e - 
Using the  values of - v obtained i n  Eqs. 2.22, 2.24 and 2*25, 
1 
1 + p:B2
1 + pZB2 
0 
0 
1 + pZB2 
0 1 
1 + pZB2 
0 1 
- 
which y i e lds  t h e  following expression f o r  t h e  conductivity, 
(2.26) 
Examining the  d i f f e r e n t  terms of cs it can be shown t h a t  - - 
-26 - 
and 
(2.28) 
The r e a l  p a r t  of q w i l l  contribute t o  t h e  conduction process 
- 
within the  bulk mater ia l  and w i l l  be denoted by 0, while t h e  imaginary 
p a r t  w i l l  be responsible f o r  the  change i n  the material's d i e l e c t r i c  
- 
constant. This change i s  given by the  imaginary par t  of IJ 
by the<product of the angular frequency and the p e r m i t t i v i t y  of f r e e  
divided 
-c 
space K e Therefore, 
0 
and 
where K i s  the permi t t iv i ty  of f r e e  space and E i s  the l a t t i c e  d i e l e c t r i c  
constant of the  material .  
0 R 
Since InSb i s  isotropic ,  the  funct ional  dependence of the  
conductivity and d i e l e c t r i c  constant can be wr i t ten  by subs t i tu t ing  
Eqs .  2.26 through 2.30 i n t o  2,13 which y ie lds  
-27 - 
1 + p:0B2 + (o 2 2  zC 
(1 + pEoB2 - ( u ~ T ~ ) ~  + 4(02.r:
and 
where p and c1 
bands. 
f i e ld ,  the  cyclotron radius  o f  t he  individual  c a r r i e r s  i s  compared with rs. 
A c a r r i e r  w i l l  belong t o  t h e  conduction band if re i s  g rea t e r  than rs, and 
t o  t h e  impurity band i f  t he  opposite i s  t rue .  
a r e  the  de mobil i t ies  i n  the conduction and impurity eo i o  
In order  t o  determine the  dependence of ne and ni on the  magnetic 
The average speed v a t  
0 
which the  cyclotron radius  equals the  occupancy radius  rs i s  given by 
B m  qrS v = -  
0 m* 
* 
Subs t i tu t ing  the  value of r as defined i n  Eq. 2.5 y i e lds  
S 
* 
In obtaining t h i s  value of  v 
conduction band i n  the  absence o f  a magnetic f i e l d .  
a l l  t he  c a r r i e r s  are assumed t o  be i n  the  o 3  
-28 - 
Therefore, i n  t h e  presence of magnetic induction B, those e lec t rons  whose 
speed i n  the  plane normal t o  B i s  g rea t e r  than v w i l l  belong t o  t h e  
conduction band, while t he  r e s t  w i l l  be i n  the  impurity band. Among 
N p a r t i c l e s  having a Maxwellian d i s t r ibu t ion  and an e f f ec t ive  temperature 
0 
I 
the  number of p a r t i c l e s  n; whose speed i n  an a r b i t r a r y  plane i s  
TeJ 0 
g rea t e r  than vo i s  given by 
Combining Eqs.  2.34, 2.33 and 2.14 y ie lds  
-bB2 nc = NI e 
and 
where 
(2.37) 
Subs t i tu t ing  t h e  values ofnc  i 3d n 
i n t o  Eqs .  2.31 and 2.32, the  following expressiomfor  E and u a r e  
obtained 
as obtained i n  Eqs .  2-33 and 2.36, iJ 
r 
-29- 
1 + pZoB2 + w 2 ~ 2  C 
(1 + pEoB2 - C L ~ T : ) ~  + 4 ~ F . t ~  
-bB2 e 
and 
(p;,B2 - L ~ ~ T ~  - 1)m2~: 
(1 - e 1 i + -  * 
m i (1 + pT0~' - C D ~ T : ) ~  + 43~: 
Taking the limits of Eq. 2.38 for zero and large values of the magnetic 
field yields, 
- qN1pc0 
1 + W2T2 - 
and 
(2.40) 
(2.41) 
The corresponding values for the dielectric constant are 
-30- 
(2-42) 
and 
It i s  qui te  i n s t ruc t ive  t o  inves t iga te  the  funct ional  dependence of 
(5 and E~ i n  the  presence of a small magnetic f i e l d ;  t h i s  invest igat ion 
w i l l  prove usefu l  when comparing the  theory t o  the  experiment. Figure 2.3 
shows the  r e l a t i v e  number of c a r r i e r s  i n  the  impurity and conduction bands 
a t  77°K as described by Eqs.  2.35 and 2.36 f o r  an impurity concentration 
of 3 x 10l3 emm3 as a funct ion of t he  appl ied magnetic f i e l d .  This 
f igu re  shows t h a t  f o r  a magnetic f i e l d  l e s s  than 1.5 kG e s s e n t i a l l y  a l l  
t h e  c a r r i e r s  a r e  i n  the  conduction band, This f ac to r ,  added t o  the  f a c t  
t h a t  the  c a r r i e r ’ s  mobili ty i n  the  impurity band i s  much l e s s  than t h a t  
i n  the  conduction band, w i l l  cause t h e  contr ibut ion of t h e  c a r r i e r s  i n  
the  impurity band t o  t h e  conductivity and t h e  change i n  t h e  d i e l e c t r i c  
constant t o  be negl igible .  Therefore f o r  small values of  t h e  magnetic 
f i e l d  0 and er a r e  approxima<ely given by 
and 
-31- 
.- 
c 
€0 
z 
a 
6 
n 
0 
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I 
* F I G .  2*3  RELATIVE CARRIER CONCENTRATIONS I N  THE IMPURITY AND CONDUCTION 
BANDS VS. B A T  7'7°K. (n = 5 x loL3 e* = 0.42) 
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(PEoB2 - ( 0 ~ 7 ~  - 1)u27E 
-bB2) (2.45) e C + qN1 E = E  
2 2 2 + 4c0272 ro21comz ( (1 + pE0B2 - LD TJ 
C 
r 
Differentiating Eg. 2,44 with respect t o  B2 and equating the results 
to zero gives 
ay3 + + a(3 - z ) l y 2  + c2(1 + z) + a(3 + 2z - z2)ly 
If a real positive root 2 where a = b/vco9 y = p2 B2 and z = w2r2 
exists f o r  Eq. 2.46 the 0-B characteristic will have a critical point 
at some value of the magnetic field Bo. 
further it is worth noting that, for all materials of interest (samples 
with high mobilities) and values of magnetic fields below 1.5 kG, both 
a and ( a=y)  are small compared to one. 
co Ce 
To investigate this case 
This reduces Eq. 2.46 to the 
following form 
y2 + 2 ( 1  + z)y + (1 - 22 - 3z2) = 0 9 
which gives the following value of y 
y = -(1 + 2) 2 4 z ( 1  + z)  e 
Since y is a positive semidefinite quantity, the solution with the 
negative sign is insignificant. Therefore 
y = -(1 + z) + 2 d z ( l  + z )  9 (2,481 
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and the u-B characteristic has a critical point for a real value of B 
if y > 0 which implies,; 
(2.49) 
The second derivative of u with respect to y was investigated and turned 
out to be negative irrespective of the value of z. This shows that if 
the condition defined by Eq. 2.49 is fulfilled u will assume a maximum. 
The value of the magnetic field Bo at which the maximum value of U occurs 
is given by 
r ,1/ 2 
(2.50) 
Solving Eq. 2.46 for z yields 
= ~ [ ( p : ~ B z  1 - 1) f d2(p2 B2 - 112 + 4p2 B2 1 a co 0 co 0 -I W2T2 C 
The solution with the negative sign can be disregarded as being 
physically insignificant. Therefore 
The equation expresses the carrier relaxation time zC as a function 
of the dc mobility p, and the magnetic field Boo 
indirect meansfor the measurement of the carrier relaxation time if the 
frequency of the monitoring microwave signal is choseQ to satisfy Eq. 2.49. 
This suggests an 
-34 - 
- 2,3  Experimental Invest igat ion 
Experiments were car r ied  out a t  f i v e  temperatures between l i q u i d  
nitrogen and room temperature t o  ve r i fy  the previous analysis .  I n  a l l  
the  experiments samples were cu t  from lapped s l i c e s  of high pu r i ty  
n-type s ingle  c r y s t a l  InSb, The samples were cut  with a wire saw using 
a s l u r r y  consis t ing of equal weights of glycerine and 240 mesh s i l i c o n  
carbide abrasive.  Five-mil wire and l i g h t  pressure were used and the 
samples were cleaned using chemically pure grade benzene. To provide 
pro tec t ion  f o r  the samples, the unused ones were kept i n  a container 
f i l l e d  with pa ra f f in  o i l .  
the  manufacturer* supplied the data  shown i n  Table 2.1. 
! 
The sample had dimensions of 1 x 2 x 4 mm and 
Table 2.1 
Manufacturer's Data fo r  t he  InSb Samples a t  77°K 
Res i s t iv i ty  = 0.26 t o  0.28 I;t-cm 
H a l l  mobili ty = 6.1 t o  6.2 x lo5 em2 V - s - l  
Net c a r r i e r  concentration S 4 x 1Ol3 cm -3 
The sample was placed under the c e n t r a l  post  of a reentrant- type 
cavi ty  system a s  shown i n  Fig. 2,4. 
vacuum i n  order t o  overcome the  problems a r i s i n g  from l i q u i d  nitrogen 
cooling and eliminate the e f f e c t  of humidity on the resonance frequency 
s h i f t  and the change i n  the coupling f ac to r  measurements. The cavi ty  
setup with t h e  vacuum-tight jacket  was placed i n  a s t a i n l e s s  s t e e l  dewar 
The cavi ty  system was sealed i n  
* 
Cominco American Incorporated, 
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mounted between t h e  pole pieces of an electromagnet. Thermal contact 
between the l i q u i d  nitrogen b a t h  and the. cavi ty  was achieved by f i l l i n g  
the space between the cavi ty  walls and the vacuum jacket  w i t h  copper 
powder. A copper-constantan thermocouple was used t o  monitor the  
temperature of the sample. Intermediate temperatures between l i q u i d  
nitrogen and room temperature were invest igated by contacting the  cavi ty  
t o  a Large cappe.r.bLockto pr-ovide a thermal loa&. The temperature of 
the  erracuefedccdtrjty system was.monitored a s  it<warmed up very slowly 
t o  room temperature. 
Expressions r e l a t i n g  the change i n  the r e f l e c t e d  power and 
resonance frequency s h i f t  of the cavi ty  system t o  the conductivity 
and d i e l e c t r i c  constant of the material w i l l  be derived i n  Chapter 111. 
Figure 2.5 shows the microwave c i r c u i t  used t o  measure these quant i t ies .  
I n  carrying out the measurements any mismatch loss must be reduced t o  a 
m i n i m u m  espec ia l ly  between the c i rcu la tor  and the cavi ty  or the ca l ibra ted  
c r y s t a l  detector .  The loss due t o  the cavi ty  is  comprised of two par t s ,  
a mismatch l o s s  a t  the coupling hole and a n  inser t ion  loss introduced 
by the at tenuat ion i n  the coaxial  l i n e .  These losses  a r e  separable 
and each can be accounted f o r  when analyzing the experimental r e s u l t s .  
The slide-screw tuner No. 2 is used t o  match the lN23C ca l ibra ted  c r y s t a l  
detector  t o  the c i rcu la tor .  3n the other hand, the i s o l a t o r  and the 
at tenuat ing pad a t  the input por t  reduce the e f f e c t  of any mismatch 
lo s s  t ha t  may be present i n  the l i n e ,  A t  each operating temperature the 
cavi ty  Q and coupling fac tor  and the l i n e  loss  were measured, A knowledge 
of these parameters i s  necessary for obtaining the desired data  as 
w i l l  be shown i n  Chapter 111, Figure 2,6 shows t y p i c a l  cavi ty  
-37 - 
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FIG. 2,6 MICROWAVE CAVITY CHARACTERISTICS 
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cha rac t e r i s t i c s  as  displayed on an oscil loscope. Such a d isp lay  is  
u t i l i z e d  t o  determine the cavi ty  Q and the  coupling f ac to r  by using a 
modification on the reflectometer method described by Sucher. 46 A l l  the 
experiments a t  l i q u i d  nitrogen temperature and above were ca r r i ed  out  
under vacuum s e a l  and corrections were made t o  compensate for the s h i f t  
i n  resonance frequency and coupling f ac to r  as  a r e s u l t  of the temperature 
change. 
I n  a l l  cases the experiments were car r ied  out for  three  d i f f e r e n t  
or ien ta t ions  of t he  magnetic f i e l d  with respec t  t o  the  (110)-crystal  
plane e 
These f ac to r s  w i l l  be discussed i n  more d e t a i l  i n  Chapter 111, 
2.4 Analysis of the  Results - --
This sec t ion  deals  with the experimental r e s u l t s  concerning the 
change i n  the conductivity and d i e l e c t r i c  constant of InSb as a funct ion 
of the  magnetic f i e l d  a t  d i f f e r e n t  temperatures. The t e s t  s igna l  was 
supplied by an u l t r a s t a b l e  o s c i l l a t o r  which was s t a b i l i z e d  a t  the  cavi ty  
resonance frequency of 9.675 GHz, and the s i g n a l  l e v e l  was var ied 
between -2 and -11 dBm. The experiments were ca r r i ed  out a t  temperatures 
of 4.2, 77, 170, 200 and X O 0 K .  
power was monitored as  the magnetic f i e l d  was var ied between zero and 
8,8 kG. 
I n  each case the  change of the detected 
Figure 2.7 shows the r e l a t i v e  change i n  the detected power with 
respec t  t o  the  power ava i lab le  from the source vs. B a t  77°K when the  
magnetic f i e l d  is  p a r a l l e l  t o  the (110) -plane. This s e t  of curves 
serves two purposes; namely, it w i l l  be used t o  i l l u s t r a t e  how t o  
determine the r e l a t i v e  change of conductivity from the  experimentally 
*,I 
FIG* 2.7 THE MEASURED RELATlTf3 C W G E  I N  THE DETECTED POWER AT 77°K 
[B IS PARALLEL TO THE (110)-CRYSTAL PLANE]. 
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measured quan t i t i e s  and a l s o  as a check on the measurement theory 
presented i n  Chapter 111. The curves ind ica te  a cyclotron resonance 
absorption whose peak occurs a t  a magnetic f i e l d  B of approximately 
2,9 kG. 
be due t o  c a r r i e r s  i n  the  impurity, valence o r  conduction bands, The 
C 
Assuming the mater ia l  t o  be compensated, t h i s  resonance could 
e f f e c t i v e  mass corresponding t o  t h i s  peak can be obtained by equating 
the cyclotron resonance frequency to  the frequency of the incident  
rad ia t ion ,  i .e .  , 
(2.521 
where LU i s  the angular frequency of the incident  rad ia t ion .  Subs t i tu t ing  
the values f o r  co, q and Bc gives a value f o r  m which equals 0.78 times 
the e l ec t ron ic  mass. The e f f ec t ive  mass of the electrons a t  the edge 
of the  conduction band was determined a long time ago and was confirmed 
recent ly  47,4a as having a value of 0.0139 m, 
e f f ec t ive  mass of the  holes i n  InSb was shown49,50 t o  be 0.4 m. 
t o  the  conclusion that the resonance is  due t o  c a r r i e r s  i n  the impurity 
band. Therefore m:, the e f f ec t ive  mass of the c a r r i e r s  i n  the  impurity 
band, equals 0,78 m. 
band t o  that i n  the  conduction band a t  l i q u i d  nitrogen temperature i s  
therefore  approximately equal t o  58,8, The s c a t t e r i n g  mechanisms f o r  
t h i s  temperature and above a re  dominated by e i t h e r  acous t ic  ar polar 
modes which lead t o  a mobili ty proport ional  t o  (m )-'I2 i n  the f i r s t  case 
and ( m  * ) -3/2 i n  the  l a t t e r  case. 
On the other hand, the  
Th i s  leads 
The r a t i o  of the  e f f ec t ive  mass i n  the  impurity 
sc 
Therefore the r a t i o  of the  mobili ty 
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of the c a r r i e r s  i n  the impurity band t o  tha t  i n  the conduction band i s  
a t  most 0.0025; t h i s  j u s t i f i e s  neglecting the contribution of the 
c a r r i e r s  i n  the impurity band t o  the conduction process fo r  temperatures 
equal t o  or above l i qu id  nitrogen temperature. 
Figure 2,7 can a l so  be used t o  check the accuracy of the experi-  
mental r e s u l t s  and how they compare t o  the theore t ica l  analysis.  It is  
seen from t h i s  f igure  tha t  above a magnetic f i e l d  of 3 kG the change 
i n  the detected power from the undercoupled cavi ty  decreases w i t h  
increasing magnetic f i e l d  u n t i l  i t  reaches a min imum where it s t a r t s  
increasing again. The cavity becomes c r i t i c a l l y  coupled a t  the point 
of min imum detectable power and changes t o  an overcoupled one as it 
passes through it. Table 2.2 shows the theore t ica l  and experimental values 
of the r e l a t i v e  change i n  the detected power a t  the c r i t i c a l  points f o r  
the power leve ls  and coupling fac tors  used i n  the experimental i nves t i -  
gation. The agreement between theory and experiment i s  excellent.  
Table 2.2 
The Relative Change i n  the Detected Power a t  the C r i t i c a l  Points 
Incident 
Power 
( a m )  
B '  
0 - Measured Al?d P," Calculated APdPF 
-2 0.64 48 48.16 x 
-4 0 ~ 6 4  49.5 x 10- 48.16 
-8 0,60 55.5 x 10- 62.5 x lom3 
-11 0,60 54,5 x 10- 62,5 x lom3 
@ 
Both columns are  normalized t o  the case of lossless coupling, 
i s  the cavity coupling fac tor  a t  zero magnetic f i e l d ,  
0 
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a t  Liquid Nitrogen 2.4,1 Behavior of -- the -
Figures 2,8 through 2.10 d isp lay  the r e l a t i v e  change ( r e l a t i v e  t o  u a t  
B = 0)  i n  the  conductivity of the InSb sample a s  a funct ion of the  
magnetic f i e l d ,  measured a t  77°K. I n  comparing these r e s u l t s  t o  the  
theory derived e a r l i e r ,  the contr ibut ion of the  c a r r i e r s  i n  the impurity 
band t o  the  conductivity w i l l  be neglected. This was shown t o  be the 
case i n  the previous sec t ion ,  Since the  graphs exh ib i t  peaks a t  a 
magnetic f i e l d  B whose value is  1.25 kG, Eq. 2.50 can be used i n  
conjunction with Eq. 2.44 t o  compare the  experimental and t h e o r e t i c a l  
r e s u l t s .  The r e l a t i v e  change i n  the conductivity can be obtained from 
0 
Eq, 2.44 and i s  given by 
The mobil i ty  i s  r e l a t e d  t o  the magnetic f i e l d  Bo and CUT 
can be wr i t t en  as  
by Eq. 2.50 and 
C 
The ne t  c a r r i e r  concentration N was determined by carrying out r 
a s e t  of Hal l  measurements on the  sample which gave a value of 
- 5 x 1013 cm which i s  i n  f a i r  agreement with the da ta  supplied by the 
manufacturer, This value was subs t i t u t ed  i n  Eq, 2.37 t o  determine the  
value of b. Equations 2.53 and 2.54 were numerically programmed using 
-44- 
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FIG- &lo (0 - (3 )/a VS. B AT 77°K EB IS 45 DEGMES TO THE (110)- 0 0  
CRYSTAL PLIWE]. 
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the  determined values of Bo and b and taking  CUT^ as a var iable  parameter 
u n t i l  the b e s t  f i t  t o  the experimental r e s u l t s  was obtained. Figure 2,11 
shows a comparison between the theo re t i ca l  and experimental r e s u l t s ,  The 
deviat ion of the  experimental r e s u l t s  from the  theo re t i ca l  ones between 
2.0 and 4.5 kG can be a t t r i b u t e d  t o  the  cyclotron resonance absorption 
which has not been taken i n t o  account i n  t h e  theo re t i ca l  ana lys i s .  The 
r e l a t i v e  change i n  the conductivity due t o  resonance absorption 
Aocr/cro vs. B can be obtained by subtract ing the theo re t i ca l  r e s u l t s  
expressed by Eq. 2.53 from the experimental r e s u l t s .  
b c r / o 0  was included i n  Fig. 2.11 which shows a peak a t  2.9 kG which i s  
i n  agreement with the r e s u l t s  obtained e a r l i e r  f o r  the  other  o r i en ta t ion  
A p lo t  of 
of the  magnetic f i e l d .  
The value of the magnetic f i e l d  BFh a t  which 90 percent of the  
c a r r i e r s  a r e  i n  the impurity band was found t o  be 5.75 kG. This value 
compares very favorably with the  theo re t i ca l  value of 6.5 kG obtained 
from Fig. 2.1. 
change of the mater ia l ' s  conductivity a t  l i q u i d  nitrogen and higher 
Figures 2.8 through 2.10 a l so  show t h a t  the  r e l a t i v e  
temperatures i s  independent of the  incident  power level .  This ind ica tes  
t h a t  the mobil i ty  of the f r e e  c a r r i e r s  i s  independent of the  e l e c t r i c  
f i e l d  i n t e n s i t y  w i t h i n  the sample. Therefore, the f r ee -ca r r i e r  absorption 
contr ibut ion t o  the  conductivity change i s  negl igible  for  t h i s  temperature 
range. 
2.4.2 Results _. a t Temperatures Above Liquid Nitrogen. This sec t ion  
deals  with the  behavior of the  sample 9 s  conductivity a t  temperatures 
above l i q u i d  nitrogen as a function of the magnetic f i e l d  and the incident  
-48 - 
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(a - o ~ ) / o ~  AT 77°K [B IS PARALLEL TO THE (110)-CRYSTAL 
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microwave rad ia t ion .  The experimental procedure is the same a t  a l l  
temperatures except a t  room temperature, A t  t h i s  temperature the change 
i n  the  detected voltage as a r e s u l t  of the per turbat ion i s  very small, 
and i n  order to improve the accuracy of the measurements the  change i n  
the  detected s i g n a l  was amplified using a d i f f e r e n t i a l  amplif ier .  I n  
comparing the  experimental and t h e o r e t i c a l  r e s u l t s  the  value of the  
lcnhrinsic concentration was used i n  place of N 
mater ia l  i s  e s s e n t i a l l y  i n t r i n s i c  a t  these temperatures and t h e  hole 
i n  Eq. 2.53, s ince the I 
mobil i ty  i s  much smaller than the  e lec t ron  mobility. Table 2.3 shows the 
i n t r i n s i c  c a r r i e r  concentration of InSb a t  the temperature of i n t e r e s t .  
It i s  c l ea r  from the  t ab le  t h a t  the  i n t r i n s i c  concentration above 175°K 
is  much higher than the  ne t  c a r r i e r  concentration measured a t  77°K 
(5 x 10l3 cm"3). 
those obtained by H a l l  measurements a t  290°K. 
Moreover the values c i t e d  i n  the t ab le  agree with 
Table 2.3 
I n t r i n s i c  Carr ier  Concentration i n  InSb 
Temperature 
( O K )  
77 
175 
200 
295 
I n t r i n s i c  Concentration 
( cmm3 ) 
2.5 109 
3.5 1014 
1.13 x 1015 
2.15 x io16 
Figures 2.12 through 2e19 show the  experimental r e s u l t s  f o r  the 
r e l a t i v e  change i n  the  conductivity vs, magnetic f i e l d ,  The main 
conclusions from these p l o t s  are:  
-50- 
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1. The magnitude of the r e l a t i v e  change i n  conductivity decreases 
as  the temperature i s  increased and i s  much smaller than t h a t  a t  l i qu id  
nitrogen temperature. This i s  due t o  the f a c t  t h a t  the mobili ty decreases 
with temperature. 
2. The freeze-out e f f e c t  has not been observed a t  175, 200 and 
29O"K.for magnetic f i e l d s  as  high as 8.8 kG; t h i s  i s  t o  be expected s ince  
the  theo re t i ca l  r e s u l t s  obtained from Eq. 2.11 give a value of BFh of 
approximately 19, 30 and 41 kG a t  175, 200 and 295"K9 respect ively.  
3. The peak of the absorption occurs a t  about 3 kG f o r  both 
* 
measurements a t  175 and 200°K which indicates  t h a t  mi i s  independent of 
t he  temperature. 
Figures 2.20 through 2.22 show t h e  comparison between t h e  experi-  
mental and theo re t i ca l  r e s u l t s  f o r  (a-oo)/oo vs. B f o r  temperatures of 
1739 200 and 295'K. The values of t h e  mobil i t ies  deduced from these  
f igures  together with Fig. 2,ll can be used t o  study the temperature 
dependence of the  mobility. The r e s u l t s  can be used t o  check the  
sca t t e r ing  mechanisms involved. 
A p l o t  of mobili ty (normalized t o  the value a t  l i q u i d  nitrogen 
temperature) vs. the temperature is  shown i n  Fig. 2.23, The dependence 
of the mobili ty on temperature can be represented by t he  expression 
-1 where F 
This indicates  t h a t  the  sca t t e r ing  mechanism i s  a combination of acoust ic  
and polar l a t t i c e  scattering.,  
i s  obviously due t o  the f a c t  t h a t  the sample i s  compensated, 
i s  the mobili ty a t  77°K and has a value of 1.26 x lo5 cm2 V-s e 
1 
?"ne lower value of the mobili ty a t  77°K 
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2,4.3 Behavior of -- the  Conductivity - a t  Liquid Helium Temperature ~ 
Figures 2.24 through 2,26 a re  p l o t s  of the r e l a t i v e  change of the 
conductivity vs. magnetic f i e l d  f o r  severa l  X-band s igna l  levels a t  
4 .2 '~ .  The figures show a marked dependence of conductivity on the  
incident  power leve l .  The r e s u l t s  a re  i n  cont ras t  with the behavior a t  
l i qu id  nitrogen temperature and above, where the conductivity is  
independent of the s igna l  level .  The change i n  the conductivity i s  due 
t o  f r ee -ca r r i e r  absorption which gives r i s e  t o  an increase i n  the c a r r i e r  
temperature above t h a t  of the l a t t i c e  thermal equilibrium, and i n  t u r n  
w i l l  change the c a r r i e r  mobili ty,  This means t h a t  the hot e lec t ron  
e f f e c t  i n  InSb is  not s ign i f i can t  a t  l i q u i d  nitrogen temperature o r  above 
f o r  s igna l  l eve l s  of i n t e r e s t  (1 mW o r  lower). On the  other  hand it i s  
very pronounced a t  l i qu id  helium temperature. The resul ts  of measuring 
the dependence of the  conductivity on the incident  power l e v e l  a r e  
presented i n  Fig. 2.27, The conductivity sa tu ra t e s  f o r  power l eve l s  
above -2 dBm and exhib i t s  a l i nea r  dependence on the incident  power f o r  
s igna l  leve ls  below -3 dBm. The hot-electron e f f e c t  i n  InSb was discussed 
by severa l  authors among them 
shown t h a t  f o r  small steady e l e c t r i c  f i e l d s  the  conductivity var ies  
quadra t ica l ly  with the e l e c t r i c  f i e l d  in t ens i ty .  This agrees favorably 
with the  resul ts  presented i n  Fig, 2,27 s ince  the square of the e l e c t r i c  
f i e l d  i n t e n s i t y  under the c e n t r a l  post  i s  proport ional  t o  the  incident  
a r e  K ~ g a n * ~  and Putley,17 where it was 
power e 
A knowledge of the e f f ec t ive  c a r r i e r  temperature i s  necessary t o  
compare the theo re t i ca l  and experimental r e s u l t s .  The e f f ec t ive  
temperature can be determined by studying the temperature dependence of the 
FIG. 
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mobili ty as  a function of temperature a t  approximately 4.2'K, which could 
not be achieved with the  ava i lab le  experimental facil i t ies,  However, as  
far as  the de tec t ion  scheme is concerned, the r e l a t i v e  change i n  the 
conductivity as presented i n  Fig. 2.27 i s  adequate, This makes i t  
unnecessary t o  pursue any fu r the r  study on the mater ia l  conductivity.  
2.4.4 Measurement of t he  Relat ive Die l ec t r i c  Constant The --
dependence of the  mater ia l  d i e l e c t r i c  constant on e l e c t r i c  and magnetic 
f i e l d s  was invest igated a t  temperatures between 4.2 and 290°K. It w i l l  
be shown i n  Chapter If1 t h a t  measurement of the cavi ty  f i l l i n g  f ac to r  
7 and i t s  resonance frequency s h i f t  i s  adequate for  t h i s  purpose, The 
c i r c u i t  shown i n  Fig. 2.5 was used t o  measure the cavi ty  resonance 
frequency s h i f t  as a r e s u l t  of perturbing the sample. On the other  hand, 
7 was measured i n  a separate  experiment t o  be discussed l a t e r  and was 
found t o  have a value of 0.006. Measurements were ca r r i ed  out f o r  two 
cases. I n  the f i r s t  case the mater ia l  d i e l e c t r i c  constant was investigated 
as a function of the tempeaature f o r  d i f f e r e n t  s igna l  l eve l s  a t  zero 
magnetic f i e l d ,  The resonance frequency s h i f t  a r i s e s  from two e f f ec t s ,  
namely, the change i n  the mater ia l  parameters and the thermal expansion 
of the cavi ty  walls.  The experimentally memured values f o r  the  resonance 
frequency s h i f t  as a r e s u l t  of varying the sample temperature between 
77 and 290°K a r e  shown i n  F g, 2.28. A p l o t  of the t h e o r e t i c a l  values 
of the resonance frequency s h i f t  f o r  the empty cavi ty  as  described by 
Eq. 3,64 is  a l s o  included, It is seen from t h i s  f i gu re  t h a t  the  net 
frequency s h i f t  due t o  va r i a t ion  of the  sample temperature between 
77 and 290°K is  e s s e n t i a l l y  zero. Therefore the mater ia l  d i e l e c t r i c  
constant i s  independent of the temperature over the range of 77 t o  290°K, 
-69- 
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Moreover the d i e l e c t r i c  constant was found t o  be independent of the  
X-band s igna l  l e v e l  over the same temperature range, This shows t h a t  
between 77 and 290°K, a l l  charge c a r r i e r s  a r e  i n  the conduction band i n  
the  absence of a magnetic f i e l d ,  This i s  i n  agreement with the  discussion 
presented e a r l i e r  i n  Section 2.1. 
The second s e t  of measurements deals  with the dependence of cr 
on magnetic f i e l d .  
4.2 and 290°K. 
found t o  be of the same order as the experimental uncer ta in t ies  (10 kHz 
when using a spectrum analyzer) .  
Experiments were ca r r i ed  out f o r  temperatures between 
The resonance frequency s h i f t  a t  175°K and above was 
These r e s u l t s  w i l l  not be presented 
here., 
and the d i e l e c t r i c  constant of the sample a t  4 . 2 " ~ .  
Figs. 2.30 through 2.32 show s imi la r  r e s u l t s  a t  77°K f o r  d i f f e ren t  
or ien ta t ions  of the magnetic f i e l d  with respec t  t o  the (110) - c rys t a l  
Figure 2.29 shows the experimental r e s u l t s  of the  frequency s h i f t  
On the other  hand, 
plane. The f igures  exh ib i t  the  same resonance absorption e f f e c t s  as  
those f o r  the conductivity presented e a r l i e r  i n  the chapter. 
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CHAPTER 111. CAVITY PERTURMTION TECHNIQUES FOR MEASUREMENT OF THE 
eERMITTIVITY AND DIELECTRIC CONSTANT OF A BULK SEMICONDUCTOR 
- 3.1 Introduction 
The complex microwave conductivity of a semiconductor mater ia l  has 
been measured using two d i f f e r e n t  methods. I n  t h e  first one a semiconductor 
s l ab  completely f i l l s  a waveguide sect ion and measurements are made t o  
determine the  complex r e f l ec t ion  or transmission coef f ic ien ts .  This 
method has been reported by many a ~ t h o r s ~ ~ - ' ~  and has been reviewed 
recent ly  by Datta and Nag.54 The accuracy achieved with the  r e f l e c t i o n  
method i s  not very precise ,  espec ia l ly  with high conductivity mater ia ls  
s ince the  VSWR t o  be measured i s  very high (nearly 20 dB) and the  phase 
~ 
bangle i s  very small. On t h e  o ther  hand, when t h i s  method i s  used i n  a 
transmission mode the  accuracy i s  degraded fu r the r  due t o  ava i lab le  
cothercia1 standards f o r  a t tenuators  and phase s h i f t e r s .  The f a c t  t h a t  the  
sample should completely f i l l  t he  t ransverse cross  sec t ion  of t h e  waveguide 
poses two ser ious problems. F i r s t ,  i n  many cases it i s  very hard t o  ge t  
la rge  enough samples t o  f i l l  t he  waveguide cross  sect ion;  t h i s  problem 
becomes more ser ious when the  sample i s  a single c r y s t a l .  Second, t he re  
i s  always a small air gap between the  sample and waveguide w a l l s  even with 
t i g h t  f i t t i n g ,  t h i s  effect w a s  shown t o  give erroneous results.55 
Holm56 suggested a mode transducer t o  overcome t h i s  "gap e f f e c t . "  
idea takes  advantage of t h e  fact t h a t  t h e  contact problem i s  important 
when t h e  e l e c t r i c  f i e l d  i s  normal t o  t h e  sample 
Recently, 
Holm's 
surface and by converting 
t h e  TE mode of t h e  rectangular guide in to  a TE 
10 io 
mode of a c i r c u l a r  
-75- 
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guide, t h e  e l e c t r i c  f i e l d  i s  tangent ia l  t o  t he  surface of  t he  sample at  
t h e  boundary. This scheme may be d i f f i c u l t  t o  r e a l i z e  with a b r i t t l e  
material l i k e  indium antimonide e 
The second method f o r  measuring t h e  microwave conduct ivi ty  i s  by 
using cavi ty  per turbat ion techniques. 
f i e l d s  i n  t h e  cavi ty  and the  sample makes t h i s  method very sens i t i ve  and 
The strong in t e rac t ion  between t h e  
highly v e r s a t i l e .  Small s i z e  samples are adequate when using cavi ty  
per turbat ion techniques and t h e  measurement procedures require  very s t a b l e  
s igna l  sources and accurate frequency measurements. Highly s t ab le  
microwave sources a r e  avai lable ,  and frequency s h i f t s  as small as 1 kHz 
can be resolved using spectrum analyzers.  
The complex angular frequency associated with a lossy  cavi ty  can 
be wr i t t en  as57 
R = o + jo. (3  e l >  1 ’  
4 
where o i s  r e l a t e d  t o  the  r e a l  frequency f by t h e  r e l a t i o n  w = 2rrf, while 
t h e  imaginary p a r t  which represents  t h e  cavi ty  losses  i s  r e l a t e d  t o  i t s  
loaded Q by t h e  following equation, 
Lu w . = - ,  
2QL 1 
where Qz is  t h e  loaded Q of t h e  cavi ty .  
s h i f t  i n  t h e  cavi ty  resonance frequency due t o  cavi ty  per turbat ion i s  
It w a s  t h a t  t h e  r e l a t i v e  
given by 
-77- 
9 (3.3) 
S 
where Vc and V 
f i s  t h e  cavi ty  resonance frequency and p and E are the  permeability and 
d i e l e c t r i c  constant of the medium. The subscr ipt  zero denotes quant i t ies  
i n  t h e  absence o f  perturbation. If the  sample i s  placed under the  c e n t r a l  
post o f  a reentrant  cav i ty  and the  s i z e  of t h e  sample i s  chosen such t h a t  
t h e  energy s tored  within the  sample i s  smaller than t h e  energy s tored  i n  
the  cavity,  t h e  following r e l a t i o n s  w i l l  hold over the s i z e  o f  t h e  sample 
a r e  t h e  cavi ty  and the  sample volumes, respectively; 
S 
IC 
E - 0  
0 E = - E  - 
where IC i s  the  permi t t iv i ty  of f r e e  space and p i s  t h e  r e l a t i v e  
permeability of the  sample. Hence Eq. 3.3 becomes 
0 r 
-78- 
If v = IJ. which i s  t r u e  f o r  the  case under consideration, then Eq. 3.5 
reduces to ,  
0, 
(3  4 
Subs t i t u t  ing , 
where E i s  t he  r e l a t i v e  d i e l e c t r i c  constant of t he  sample and CT i s  i t s  
conductivity,  y ie lds ,  
r 
Ei(Eio - E i )  K2E (ErO - E r )  
( 7 )  (3 .8)  o r  
f - fo 
f O  o r  
and 
where 
€ . E  - E E 1 1 1 ro  r io  (Ked 7 _. - -  = 
K2E2 + E2 o r  i QL QLO 
(3 .9)  
However f o r  t he  samples of i n t e r e s t  and at  a frequency o f  10 GHz 
K E >> E ~ ,  a l so  it i s  qui te  reasonable t o  neglect  (1/2)(1/'4,.,)[(1/%) - 
(l/&Lo) 1 with respect  t o  (f-fo)/fo, which al lows  s impl i f ica t ion  of Eqs. 
3 e 8  and 3.9 t o  the  following forms, 
o r  
-79- 
f - fo ( E r  - E ro 1 
E = -q r f 
and 
o r  
Equations 3.9 and 3.11 relate t h e  change i n  t h e  conductivity and 
d i e l e c t r i c  constant of the  sample t o  t h e  experimentally measurable 
quan t i t i e s .  
on t h e  geometry of the  sample and the  cavi ty .  This parameter can be 
The parameter q i s  thought of as a f i l l i n g  f a c t o r  depending 
determined e i t h e r  experimentally by using a sample with known parameters, 
o r  t heo re t i ca l ly  by studying the  f i e l d s  within t h e  cavity.  Equation 3.10 
w i l l  be used t o  study the  change i n  t h e  d i e l e c t r i c  constant of t h e  sample 
due t o  
i n  the  
values 
e l e c t r i c  and magnetic f i e l d s .  However, Eq. 3.11 w i l l  not be used 
ana lys i s  of t h e  experimental r e s u l t s  due t o  the  f a c t  t h a t  t h e  
of QL and Q, a r e  very c lose  t o  each o ther .  Instead, t h e  more 
accurate  method of power measurement w i l l  be used. 
ana lys i s  it w i l l  be shown t h a t  a knowledge of t h e  coupling f a c t o r  i n  the  
absence of per turbat ion together  with t h e  change i n  r e f l e c t e d  power and 
resonance frequency s h i f t  as a r e s u l t  of  t h e  per turba t ion  i s  adequate for 
the  determination of t h e  mater ia l  conductivity.  This e l iminates  t h e  need 
t o  follow the  Q-factor  change as a function of t h e  per turbat ion which might 
In  the following 
lead t o  appreciable e r r o r  i n  t h e  presence of mismatch lo s s .  
-80- 
- 3 - 2  Cavity Analysis : An - Equivalent Ci rcu i t  Approach 
In t h i s  analysis  t h e  power i s  coupled t o  t h e  cavi ty  through a 
c i r c u l a t o r  and a lossy l i n e  with at tenuat ion a as shown in Fig. 3.1. 
It i s  intended here t o  derive the  dependence of the  detected power on the 
change of t h e  mater ia l  conductivity. For s implici ty  t h e  c i r c u l a t o r  i s  
assumed t o  be matched t o  both the  l i n e  and t h e  c r y s t a l  detector,  however 
i f  any mismatch i s  present it can be very e a s i l y  accounted f o r .  The 
various measurable power l e v e l s  can be defined as follows: 
Po = the  power avai lable  from t h e  source which i s  t h e  power  
delivered t o  a matched load through a l o s s l e s s  couplfng, 
Pr = t h e  power re f lec ted  from the  cavity,  
Pc = the  power absorbed i n  t h e  cavi ty  and 
PD = t h e  detected power. 
Therefore, Pr = aP0 - P 
detected power L E D  due t o  t h e  introduction of perturbation can be expressed 
as 
and PD = dp = $P - ape. The change i n  t h e  
C r 0 
mD = -a(pc - ' c o )  9 (3.13) 
where the  subscr ipt  zero denotes quant i t ies  i n  t h e  absence of  per turbat ion.  
The cavi ty  equivalent c i r c u i t  at resonance shown i n  Figs. 3.2 can 
be used t o  express AP i n  terms of t h e  c i r c u i t  parameters. These c i r c u i t  
parameters are defined as Yo = t h e  l i n e  conductance r e f l e c t e d  i n t o  t h e  
cavity,  G = t h e  cavi ty  conductance, CT i s  t h e  real p a r t  of the  material 
conductivity and K i s  a geometrical f a c t o r  t o  be determined l a t e r ,  The 
p o w e r  absorbed by t h e  cavi ty  i n  t h e  presence and absence of per turbat ion 
a r e  given, respectively,  by 
D 
0 
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FIG* 3.1 CAVITY MEBSUREMENT SYSTEM- 
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URBATION 
FIG. 3.2 CAVITY E Q m m  CIRCUIT. 
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and 
KO + Go 
(KO + Go + Y 0 )2 
pC = 12 
Ko0 + Go 
<Koa + Go + Y )' 
= 12 
'0 
0 
(3.14) 
From Eqs. 3.14 and 3.15 t h e  change i n  the  power absorbed by t h e  cavi ty  as 
a r e s u l t  of t h e  perturbation w i l l  be, 
(3.16) 
KO + Go Kao + Go 
pc - pco = 12( (KO + Go + Yo)2 (Koa + Go + Yo) 2 
But, 
T2 
P o = i y .  
0 
(3.17) 
Using Eqs. 3.13, 3.16 and 3.17, t h e  change i n  t h e  detected power as a 
r e s u l t  of a change i n  the  mater ia l  
therefore  be wr i t ten  as, 
conductivity from o0 t o  o can 
- =  apD 
0 
KO + Go + Yo 
Defining the q u a n t i t i e s  %, &u, &zo and (+,o as t h e  cavi ty  loaded and 
unloaded &-factors,  respectively,  i n  the  presence and absence of 
perturbation, then 
-84 - 
QL KO + Go 
&v 
- =  
Ko + Go + Yo 
and 
Kcro + G 0 
Koa + Go + Yo - -  - . 
&T, 
QUO 
Subs t i tu t ing  Eqs.  3.19 and 3.20 in to  3.18 yie lds  
mD - =  - k [ Z  (l--)--(l-q-)] Bz Bzo QLO 
0 Qu Quo P 
which gives t h e  change i n  t h e  detected power as a funct ion of t h e  &-factors  
of t h e  cavi ty  with and without perturbation. However, it i s  more 
convenient f o r  experimental purposes t o  express ~ 1 9  /P as a funct ion of 
t h e  mater ia l  conductivity and the  cavi ty  coupling f a c t o r  with no 
D o  
perturbat ion /3 . The coupling f ac to r  8 i s  r e l a t ed  t o  t h e  c i r c u i t  
parameters as follows, 
0 0 
v I 
0 - 
- Go + kOo * (3.22) 
This approach w i l l  make it e a s i e r  t o  analyze t h e  experimental r e s u l t s ,  i n  
addi t ion  t o  t h e  f a c t  t h a t  t h e  coupling f ac to r  can be measured t o  a much 
higher degree of accuracy when compared t o  t h e  &-factor,  espec ia l ly  i n  t h e  
presence of mismatch or i n se r t ion  l o s s .  
be wr i t ten  as 
With t h i s  i n  mind, Eq. 3.18 can 
Bo ) .  (1 + x)Bo - -  npD - -& ( (1 + x + Bo)2 (1 + Bo) 2 (3-23) 
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where x = F A G / O ~  
F = K O ~ ~ / ( G ~ + K O ~ )  and 
Bo = t he  cavi ty  coupling f ac to r  with no perturbation. 
This equation gives  the  change in  t h e  detected power as a funct ion of 
t he  mater ia l  conductivity, t h e  cavi ty  parameters with no per turbat ion 
and t h e  power ava i lab le  from the  source. 
measured by closing the  short ing switch, therefore  a l l  the  power incident 
on c i r c u l a t o r  por t  No. 1 w i l l  be transmitted t o  por t  No. 3. If t h e  VSWR 
and t h e  detected power at port  No.  3 are I‘ and P respectively,  then 
Referring t o  Fig. 2.4, Po can be 
3 D3 ’ 
P... 
(3.24) 
where a i s  the  in se r t ion  l o s s  of t he  c i r c u l a t o r  between Ports 2 and 3. 
23 
-- 3 , 2 . l  The Optimum Coupling Coeff ic ient .  Once Po and Bo a r e  known 
it i s  a straightforward process t o  determine t h e  change in  t h e  r e a l  pa r t  
of t h e  conductivity as a funct ion o f  t h e  change of t he  detected power. 
However, t he re  e x i s t s  an optimum coupling f a c t o r  which r e s u l t s  i n  t h e  
l a rges t  value of AP /P f o r  a c e r t a i n  value of x. The knowledge of such 
a coupling f a c t o r  w i l l  improve t h e  accuracy of t h e  experimental r e s u l t s .  
D o  
To 
determine t h i s  optimum coupling f ac to r ,  t h e  f irst  der iva t ive  with respect  
t o  B of  t h e  lef t -hand s ide  of Eq. 3.23 i s  equated t o  zero which r e s u l t s  in ,  
0 
(Pa, - (X + 2)p3 - 6(~ + 1)p2 - (X + i ) ( x  + 2)BOp + (X + i).> x = o 
OP OP 
-86 - 
where p 
of the  optimum coupling f ac to r  vs. x f o r  overcoupled and undercoupled 
cav i t i e s ,  respect ively.  It i s  worthwhile t o  invest igate  t h e  case when 
i s  t h e  optimum coupling f ac to r .  Figures 3.3  and 3*4 give p l o t s  
OP 
x << 1 i n  order  t o  ge t  more ins ight  from these  graphs. 
Eq. 3.25 reduces t o  the  following, 
In such a case, 
(3.26) 
The four roots  of the  above equation a r e  -1, -1, (2 +6) and
(2 - 6). 
signif icance and w i l l  be disregarded. The remaining two roots  ind ica te  
t h a t  e i t h e r  an undercoupled or overcoupled cavi ty  can be designed f o r  
optimum t e s t  conditions.  
or an undercoupled cavi ty  i s  determined by the  f a c t  that the  cavi ty  should 
not change from one kind of coupling t o  t h e  o ther  as a result of the  
per turbat ion.  This requirement w i l l  cause t h e  detected power t o  be e i t h e r  
monotonically increasing o r  decreasing as a r e s u l t  of per turbing -the 
sample. Therefore, any confusion due t o  a change i n  the  kind of 
coupling i s  t o t a l l y  eliminated. 
The two roots  having the  value of -1 have no physical  
The c r i t e r i o n  t o  choose between an overcoupled 
The change i n  t h e  cavi ty  coupling f a c t o r  as a r e s u l t  of t h e  
per turbat ion fo r  various values of B i s  shown i n  Figs.  3-5  and 3.6 f o r  
pos i t ive  and negative values of x, respectively., Figure 3.5 shows t h a t  
t h e  cavi ty  coupling f ac to r  always decreases as a r e s u l t  o f  the  per turbat ion.  
Therefore i f  the  per turbat ion increases t h e  conductivity of the  mater ia l  
under t e s t  (x i s  pos i t i ve ) ,  t h e  cavi ty  should be undercoupled. 
o the r  hand, Fig.  3.6 shows t h e  opposite case which ind ica tes  t h a t  the cavi ty  
0 
On t h e  
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F I G .  3.5 THE CHANGE I N  THE COUPLING FACTOR FOR P O S I T I V E  VALUES OF xs 
-go- 
o 
. I  
FIG. 3.6 THE CHANGE IN THE COUPLING FACTOR FOR NEGATIVE VALUES OF xo 
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should be overcoupled i f  the perturbation causes t h e  conductivity of the 
sample t o  decrease. Therefore t h e  s o l i d  l i n e s  i n  Figs. 3.3 and 3-4  w i l l  
serve t o  give t h e  optimum coupling f a c t o r  according t o  the an t ic ipa ted  
change i n  the  mater ia l ' s  conductivity. 
3.2.2 Calculation of the  Change -- i n  the  Detected Power. Figures --
3.7 through 3.10 show the change i n  the detected power r e l a t i v e  
t o  t h e  power avai lable  from t h e  source f o r  various coupling factors .  
The p l o t s  a r e  numerically generated from Eq. 3.23 with a assumed uni ty  
( l o s s l e s s  coupling). 
where each s t e p  corresponds t o  an absolute change i n  x of 0.001 and a f t e r  
each s t e p  the  new coupling fac tor ,  
change i n  the  detected power a r e  determined. The r e s u l t s  obtained a f t e r  
each i t e r a t i o n  serve as i n i t i a l  conditions f o r  t h e  subsequent one. This 
makes t h e  analysis  su i tab le  f o r  small as wel l  as la rge  values of per turbat ion.  
The following observations a r e  worth mentioning e 
The programming i s  done through i t e r a t i v e  s teps  
the  conductance and t h e  incremental 
1. The change i n  the detected power i s  monotonically increasing f o r  
an overcoupled cavi ty  i f  x i s  monotonically decreasing o r  f o r  an under- 
coupled cavi ty  with x monotonically increasing as shown i n  Figs .  3.7 and 
3.8, respect ively 
2. If t h e  cavi ty  i s  overcoupled and x i s  increased the  detected 
power w i l l  decrease u n t i l  it reaches zero and t h e  cavi ty  becomes c r i t i c a l l y  
coupled. 
again as shown i n  Fig. 3.9. The same e f f e c t  w i l l  occur f o r  an undercoupled 
cavi ty  i f  x i s  decreased monotonically as shown i n  Fig. 3-10- 
If x i s  increased f u r t h e r  the  detected power starts increasing 
I 9. 
FIG. 3.7 THE RELATIVE CHANGE IM THE DETETED POWER VS. NEGATIKE 
VALUES OF x FOR OVERCOUPLZD CAVITIES 
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3.  Concerning the  two cases mentioned i n  t h e  previous paragraph, 
t he re  i s  a value f o r  x a t  which the  change i n  the detected power is  zero. 
This value i s  given by 
x = i 3 ; - 1  . 
0 
(3.27) 
It i s  clear t h a t  x i s  pos i t ive  i f  t h e  cavi ty  i s  overcoupled and 
0 
negative otherwise. This f a c t  supports t he  previous discussion f o r  
choosing the  optimum coupling fac tor .  
4. The curve corresponding t o  Bo = 1 passes through a l l  t h e  r e l a t i v e  
maxima and minima of Figs. 3.9 and 3.10 s ince  these  are t h e  poin ts  at which 
t h e  instantaneous coupling f ac to r  assumes a value of one. 
3.3 Equivalent C i rcu i t  of a Semiconductor Material  - -  i n  a Reentrant Cavity 
i n  t h e  Presence of an External Magnetic F ie ld  
- -- 
-- -- 
In t h i s  treatment, t h e  sample i s  placed under t h e  c e n t r a l  post o f  
t h e  cavi ty  as shown i n  Fig. 2.3 and t h e  f i e l d  or ien ta t ions  a r e  assumed 
t o  be as indicated i n  Fig. 2.1. Placing t h e  sample i n  t h a t  region has t h e  
following advantages. 
1. The e l e c t r i c  f i e l d  i s  maximum i n  t h i s  region which r e s u l t s  i n  a 
g rea t e r  i n t e rac t ion  between the  sample and the  s igna l .  
2 .  The f i e l d  i s  essentia' .ly uniform, which s impl i f ies  t h e  ana lys i s  
considerably e 
The sample w i l l  c a r ry  both conduction and displacement currents ,  i . e  
(3.28) 
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where - D i s  the  e l e c t r i c  displacement vector;  t h e  r e s t  of t h e  symbols were 
defined e a r l i e r .  Since t h e  microwave f i e l d  due t o  t h e  dominant TEM mode 
i s  p a r a l l e l  t o  the  x-axis and var ies  as e , Eq. 3.28 can be writ ten as jut 
It was shown i n  Chapter I1 t h a t  the  conductivity tensor of a mater ia l  i n  
t h e  presence of a magnetic f i e l d  along t h e  z-axis can be writ ten as 
0 
XY 
YY 
0 
CT (3.30) 
Therefore by subs t i tu t ing  Eq. 3.30 in to  3.29, t h e  x- and y-components of 
t h e  current densi ty  can be wr i t ten  as follows 
(3.31) 
and 
The cont inui ty  of current a t  the  sample surface normal t o  t h e  
y-axis implies t h a t  t h e  displacement current outs ide t h e  sample should 
be equal t o  the  t o t a l  current within t h e  sample, And s ince t h e  e l e c t r i c  
f i e l d  i s  uniform and along t h e  x-axis, J = 0, Therefore 
Y 
a + jLuE 
0 + j& 
XY XY 
YY YY 
Ex 
= -  
EY 
Subst i tut ing Eq. 3.33 i n t o  Eq. 3.31 we ge t ,  
Therefore t h e  equivalent admittance of a sample of thickness t and an 
a rea  A follows immediately from Eq. 3.34, 
= A- (a + jutm) + Yani 'm t x x  
where Ym i s  t h e  equivalent conductance of t h e  material and Y 
t h e  contr ibut ion t o  Ym due t o  the  anisotropy o f  t he  material and i s  
given by 
i s  ani 
yx) A - (Oxy XY Y - + jus ) ( u  + j e  
t "  -  'ani a YY + WyY 
(3.35) 
(3.36) 
However, it has been shown that5'  u = -a and E = -E and thus 
'ani 
.- xy YX XY YX' 
reduces t o  
12 12 12 yy 2 E  12 0 12 0 yy +E YY (o,2E;2-a:2) ) A - -&E2 )+2iCu2E 0 E 
t y  + jo, 
YY YY YY YY 
o2 +02€2 a2 +LU2E2 'ani 
where E = -E = E and u = -0 = a . If a i s  much g rea t e r  
then (UE then t h e  equivalent admittance of  t h e  sample becomes 
XY YX 12 XY YX 12 12 
12 
a2 
= A_ (. +jusxx  + u + jux ) B t x x  
YY YY 
'm (3.38) 
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On t h e  other  hand, i f  the  mater ia l  i s  i so t ropic ,  t he  expression for the  
equivalent admittance of  the  sample becomes 
Figures 3.11 show t h e  equivalent c i r c u i t  of t he  sample under consideration. 
3.3.1 Equivalent C i rcu i t  -- of t h e  Cavity Including - t h e  Sample. Figures 
3.12 shows the  mater ia l  o r i en ta t ion  within t h e  cavi ty  together  with the  
sample dimensions. The cavi ty  i s  divided in to  two p a r t s  by the  plane 
A-A. The sect ion above t h i s  plane can be represented by a transmission 
l i n e  terminated in  a short  c i r c u i t .  This p a r t  i s  equivalent t o  a paral le l -  
R, LL and C c i r c u i t .  The value of these elements (L Ro and Co) a r e  functions 
0’ 
of t h e  dimensions a , L and t h e  conductivity of the  cavi ty  walls. The 
1 
sect ion below the  plane A-A adds an ex t ra  shunt impedance Z which w i l l  
depend on t h e  sample parameters. It i s  f a i r l y  reasonable t o  assume t h a t  
most o f  t he  contr ibut ion of t h i s  sect ion t o  Z comes from t h e  region under- 
neath t h e  c e n t r a l  post. With t h i s  i n  mind t h e  impedance Z could be divided 
in to  th ree  components, namely 
1. The reactance of a capacitance C due t o  the  a i r  gap between the  
1 
two planes A-A and B-B under the  cen t r a l  post which i s  given by 
2. An impedance Zm due t o  t h e  presence of  t he  sample whose value 
was derived i n  the  previous sect ion.  
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FIG. 3.11 EQU~VALENT CIRCUIT OF THE SAMPLE. 
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FIG* 3.12 ORIENTATION AND DIMENSIONS OF TI3E CAVITY AND SAMmtE- 
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3. %he reactance of a second capacitance C due t o  t h e  a i r  gap under 2 
t he  plane B-B t h a t  i s  not occupied by the  sample and i s  given by 
IC 0 1  (ca2 - d1d2 
t c =  2 (3.41) 
The impedance Z w i l l  be composed of t h e  impedance due t o  C i n  
s e r i e s  with t h e  shunt combination 
z = -  
1 
jclr: 
1 
o f  C and Z and i s  therefore  given by 
2 m 
zm 
Subs t i tu t ing  the  value of Ym as obtained from Eq. 3.38 i n t o  Eq. 3.42 
y ie lds  
where 
and 
d d  
K = a e  
1 t 
(3.43) 
(3.44) 
(3.46) 
The equivalent admittance of the  cavi ty  sect ion below plane A-A 
can be obtained by invert ing Z which y ie lds  
Y = Geff + jdeff (3.47) 
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where 
and 02C C '  
1 +  (+) 
.+9( l+gy 
= c  G I 2  
eff 1 
G ' 2  
(3.48) 
(3.49) 
Figures 3.13a and c show t h e  cavi ty  equivalent c i r c u i t  i n  t h e  absence and 
presence of t h e  sample, respect ively.  The capacitance C i s  the  gap 
capacitance i n  t h e  absence of the  mater ia l  and equals approximately 
( K O R a 2 / 1 ) .  
under t h e  c e n t r a l  post  where Zm, t h e  sample 
derived e a r l i e r .  
a 
Figure 3.13b shows t h e  equivalent c i r c u i t  of t h e  cavi ty  sec t ion  
equivalent c i r c u i t ,  was 
1 
If the  mater ia l  i s  i so t rop ic  both 0 and E become zero and t h e  
12 12 
expressions f o r  G eff and Ceff become 
'and 
1+- 1+- 
K 2 8  3 
1 = c  7 'eff 1 
1 + -  u2c2 ( 1+- z1i 
K;0' 
(3.51) 
where C = C + K E. The values of C C and K E f o r  t h e  cavi ty  used fo r  
t e s t i n g  the  mater ia l  a r e  0.11, 0.21 and 1.31 pF, respectively,  where t h e  
1 1 1 2  1 
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FIG. 3.13 CAVITY EQUIVALm CIRCUIT. 
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l a t t i c e  d i e l e c t r i c  constant was subs t i tu ted  f o r  E .  Thus f o r  t h e  indium 
antimonide samples of i n t e r e s t  here both ( K C / K ~ ~ ) ~  and (dl /Kla)2 a r e  
much grea te r  than one. This s implif ies  Eqs. 3.50 and 3a51 t o  t h e  following 
form: 
= Ka Geff 
and 
c c  
1 - 
eff c l + c  ’ 
where K = [K /(1 + C/C )21. 
1 1 
It i s  worth noting t h a t  t h i s  K i s  t h e  geometrical f a c t o r  presented 
e a r l i e r  i n  Chapter 11. Therefore the  change i n  t h e  conductivity of the 
mater ia l  w i l l  change the equivalent conductance of t h e  t e s t  cav i ty  and 
can be measured by monitoring t h e  change i n  t h e  detected power as presented 
i n  Section 3.2. On t h e  o ther  hand, the  change i n  the  material d i e l e c t r i c  
constant w i l l  i n  t u r n  change Ceff,  and as a r e s u l t  t h e  resonance frequency 
of t h e  cavi ty  w i l l  s h i f t  s l i g h t l y .  The cavi ty  equivalent c i r c u i t  shown i n  
Figs. 3.13 can be used t o  r e l a t e  t h e  change in t h e  sample d i e l e c t r i c  
constant t o  the resonance frequency s h i f t .  The cavi ty  resonance frequency 
is  given by 
1 f =  (3.54) 
2rr JLO(CO + C e f f )  
For a small s h i f t  i n  t h e  resonance frequency as a r e s u l t  of t h e  perturbation, 
Eq. 3.54 can be wr i t ten  as follows: 
-106- 
1 
f o + M  = 
2' ' ~ o ( c o  + Ceffo + x e f f )  
The r e l a t i v e  s h i f t  i n  t h e  resonance frequency can be expressed as 
- 1  e Df 1 - =  
fO 
( 3  a55 ) 
(3 956) 
Equation 3.56 can be u t i l i z e d  t o  study the  incremental change i n  the  
mater ia l  d i e l e c t r i c  constant as a function of t h e  resonance frequency 
s h i f t .  Subs t i tu t ing  Eq. 3.53 i n  the  Taylor expansion of Eq. 3.56 y ie lds  
where 
1 
C 
A =  (C + C + K E )(Co + Cerfo)  * 
1 2 1 0  
Since we a r e  dealing with incremental changes i n  E, it becomes qu i t e  
reasonable t o  neglect  higher-order terms in A€ which r e s u l t s  i n  
Therefore t h e  change in  t h e  r e l a t i v e  d i e l e c t r i c  constant of t he  mater ia l  
i s  given by 
rn = -7 - , 
fo 
where 
c K E  c (c2 + KIEo) - q l + 2 + 2 ) ( c o +  
C C + C  + K E ~  
1 1 2 1 1 
7l KoKl C (3.61) 
Equation 3.60 i s  similar t o  Eq. 3.10 where both 7 and 7 
geometry of  t he  cavi ty  system, 
depend on the  
1 
Ei ther  formula can be used t o  study t h e  
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change of the  d i e l e c t r i c  constant as a r e s u l t  o f  t h e  perturbation i f  the  
geometrical f i l l i n g  f a c t o r  i s  known. 
3.4 Cal ibrat ion of t h e  Cavity System - --
In order t o  study t h e  change i n  the  material  conductivity and 
d i e l e c t r i c  constant as a r e s u l t  of t h e  perturbing s igna l  t h e  parameter F 
and e i t h e r  or q should be determined. Moreover, it i s  necessary t o  
invest igate  the dependence of these parameters together  with $ 
temperature e 
1 
on t h e  
0 
The geometrical f a c t o r  q can be determined by studying the f i e l d  
configuration within the  cavi ty  system. However, t h i s  i s  a very lengthy 
and involved process, especial ly  i f  higher-order modes a r e  exci ted,  This 
f a c t o r  can be determined experimentally by studying the frequency s h i f t  
due t o  samples of known d i e l e c t r i c  constant.  
c r y s t a l  s i l i c o n  and germanium having the same dimensions as t h e  indium 
antimonide samples under t e s t  were used f o r  t h i s  purpose. The s h i f t  i n  
t h e  resonance frequency from t h a t  of the  empty cavi ty  w a s  measured i n  
each case and,was used i n  conjunction with Fig. 3.14 or 3.15 t o  determine q .  
Figures 3.14 and 3.15 a r e  p l o t s  of t h e  sample 
vs. t h e  normalized frequency s h i f t  Af 
Samples of g l a s s  and s i n g l e  
E and Acr, respectively,  r 
which i s  given by t h e  r e l a t i o n  N' 
(3.62) 
The p l o t s  a r e  generated from Eq- 3.10 assuming crO equals one which 
corresponds t o  the empty cavi ty .  The p l o t s  are extended t o  l a r g e  values 
of Acr and cy  by using an i t e r a t i o n  process; t h i s  improves t h e  accuracy 
of c a l i b r a t i o n  
-108- 
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FIGo 3-15 C m G E  I N  THE RELATIVE DIELECTRIC CONSllANT OF THE SAMPLE 
vs. afN. (Ero = 1) 
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In order t o  study the  sample d i e l e c t r i c  constant as a funct ion 
of temperature, t h e  contr ibut ion t o  t he  frequency s h i f t  due t o  the  change 
i n  t h e  cavi ty  dimensions should be accounted f o r .  The ne t  frequency 
s h i f t  due t o  t h e  change i n  t h e  sample d i e l e c t r i c  constant as a r e s u l t  
of temperature change i s  given by 
Ai? e /Ifm - af (3.63) 
where Af = t h e  measured frequency s h i f t  and m 
Me = t h e  frequency s h i f t  as a r e s u l t  of t h e  thermal expansion 
of  t he  cavi ty  w a l l s .  
It was shown by Montgomery" t h a t  Ai? is  given by e 
7 (3.64) 
where AT = t h e  change i n  cavi ty  temperature and 
% = t h e  coef f ic ien t  of thermal expansion of t he  cavi ty  w a l l s .  
The coef f ic ien t  of thermal expansion of t h e  cavi ty  walls (commercial 
b ra s s )  i s  given by t h e  following61 
aT = 14.916 x + 1.23 x lo-' T ; per "K . (3.65) 
Equations 3.64 and 3.63 were used t o  determine afe as t h e  cavi ty  temperature 
w a s  changed from l i q u i d  ni t rogen temperature (77"K), assuming t h a t  t h e  
resonance frequency at t h i s  temperature is 9.675 GHz ( the  cavi ty  resonance 
frequency at  77°K i n  the  presence of t h e  sample), t he  r e s u l t  is  shown i n  
Fig.  3.16, 
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FIG. 3.16 FREQUENCY SHIFT DUE TO TKFRMaL MPANSION OF THE CAVITY WAILS. 
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In order to conclude t h e  ana lys i s  f o r  ca l ib ra t ion  of t h e  cavi ty  
system, a discussion concerning t h e  determination of t h e  parameter F 
and i ts  temperature dependence i s  i n  order .  It can be shown t h a t  F can 
be determined by measuring t h e  cavi ty  coupling f a c t o r  without t h e  sample 
Boo and with t h e  sample present a t  zero magnetic f i e l d .  From Eq. 3.23, 
KO 
Koo + G 
0 
0 
F =  
which can be wr i t t en  as 
K 
K + -  
F =  
Go * 
O 
0 
Since Bo and Boo a r e  given by the  following equations, 
- 0 
Boo - - 
GO 
and 
- 
Kouo + G 
0 
Bo - 
combining these  two equations y ie lds  
GO - =  
Boo - Bo 0 0 
Subs t i tu t ing  Eq. 3.70 in to  3.67 y ie lds  
Boo - @o F =  
@OO 0 
(3.66) 
(3.67 1 
(3.70) 
(3.71) 
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where K w a s  defined e a r l i e r  as 
K = K /(1 + C/C )" 
1 1 
(3.72) 
Equation 3.71 is  used t o  determine the  f a c t o r  F and i t s  temperature 
dependence by measuring K, Boo and f3 
f a c t o r  F was measured between 77°K and 300'K. 
as a function of temperature. The 
0 
No resonance frequency 
s h i f t  due t o  t h e  presence of the  sample was observed as t h e  temperature 
was var ied between l i q u i d  nitrogen and room temperatures. This implies 
t h a t  K equals K over t h i s  temperature range. Thus f o r  temperatures above 
l i q u i d  nitrogen, F w i l l  be given by 
0 
F = (1-&) (3 *73) 
Figure 3.17 shows the  measured values of l3 B and t h e  corresponding 
0' 00 
F as given by Eq. 3.73 f o r  temperature values above l i q u i d  ni t rogen.  
the  o ther  hand, i f  the  sample d i e l e c t r i c  constant i s  a function o f  t h e  
perturbation, then K/K must be evaluated and Eq. 3.71 w i l l  be used t o  
determine F.  
On 
0 
- FIG. 3.17 MEASURED VALUES OF B o y  Po, AND F VS. T FOR A CONSTawT VALUE 
OF K =KO, 
CHAPTER IV.. PHYSICAL PROFERTIES OF T m  DETECTION SCHEME 
- 4 e 1 Introduction 
In t h i s  chapter t h e  parameters character iz ing t h e  performance of  
t h e  detect ion scheme are derived. 
use of the  r e s u l t s  obtained e a r l i e r  i n  Chapters I1 and I11 i s  u t i l i z e d  
f o r  t h i s  purpose. 
An equivalent c i r c u i t  approach making 
The terminal-to-terminal conversion loss of the  downconversion 
scheme i s  evaluated and t h e  dependence of t h e  conversion loss on t h e  
ex terna l  c i r c u i t  parameters and the  bulk mater ia l  parameters i s  presented. 
This approach i s  very advantageous f o r  optimizing the  detection scheme. 
The noise sources i n  t h e  detection scheme a r e  discussed and the  
minimum detectable  power and noise equivalent power of t h e  downconverter 
are determined and t h e  t h e o r e t i c a l  and experimental r e s u l t s  a r e  compared. 
Finally,  an estimate of the  time constant of  t h e  detector  i s  
giyen and i t s  dependence on t h e  mater ia l  and c i r c u i t  parameters i s  
discussed. The las t  sect ion deals with t h e  detector  performance as 
a function of  the  magnetic f i e l d .  
ke2 Study of t h e  Conversion Loss - --
4,2.1 Introduction. In  order t o  develop t h e  concept of 
conversion loss it i s  necessary t o  understand how t h e  s i g n a l  detect ion 
i s  accomplished. 
of operation of t h e  detect ion scheme. 
power P. t h e  coupling t o  t h e  cavi ty  can be adjusted t o  r e s u l t  i n  a 
Figure 4.1 together with Fig. 1.1 explain the  p r i n c i p l e  
For a cer ta in  microwave b i a s  
1x 
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R-WAVE SIGNA 
FIG. 4.1 P R I N C I P L E  OF OPERATION OF THE DETECTION SCHEME. 
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detected s igna l  PDx i n  the  absence o f  t h e  millimeter-wave s igna l  t o  be 
detected. 
detected signal w i l l  change by AP,,. 
Loss w i l l  therefore  be given by 
A s  a r e s u l t  o f  applying t h e  millimeter-wave power P t h e  i 
The terminal-to-terminal conversion 
where L = T 
- Pi - 
L 
@D - 
4.2.2 
Signal,  The 
9 
- mD LT - - 
'i 
t h e  terminal-to-terminal conversion loss, 
t h e  incident  millimeter-wave s igna l  power and  
t h e  change i n  the  detected X-band power due t o  t h e  
presence of t h e  millimeter-wave s ignal .  
Dependence o f  t h e  Reflected Power on t h e  Millimeter-Wave 
change i n  t h e  detected power w a s  given by Eq. 3e23  and can 
be wri t ten as 
where a l l  the  quant i t ies  have been defined e a r l i e r .  
x which i s  e s s e n t i a l l y  the  case here, Eq. 4.2 reduces t o  
For small values of 
Equation k e 3  can be used t o  study the  downconversion scheme i f  
t h e  dependence of x on P i s  known, 
t h e  change i n  t h e  material  conductivity as a function of t h e  
Since x = F(Au/a ) 9  a study o f  i 0 
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millimeter-wave s igna l  i s  necessary. For t h e  time being any change i n  
the  material d i e l e c t r i c  constant resu l t ing  i n  the  cavi ty  resonance 
frequency s h i f t  i s  neglected. 
The mater ia l  conductivity i n  t h e  absence of t h e  s i g n a l  t o  be 
detected can be wr i t ten  as 
where n i s  t h e  concentration of t h e  c a r r i e r s  t h a t  a r e  thermally 
excited t o  t h e  conduction band i n  t h e  absence of t h e  millimeter-wave signa: 
and t h e  remaining quant i t ies  were defined earlier..  The general  form 
of t h e  conductivity i n  t h e  presence of t h e  signal can be wr i t ten  a s  
follows : 
(4.5) 
where ns = t h e  densi ty  of t h e  c a r r i e r s  excited from the  impurity band 
t o  t h e  conduction band as a r e s u l t  of photoconductive t r a n s i t i o n s  and 
i s  given by62 
yP. It im n = -  u(hfi - LIE) , 
S mi's 
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where y = t h e  conversion efficiency, 
= t h e  s igna l  frequency, fi 
7 = the  c a r r i e r  l i fe t ime,  
= t h e  millimeter-wave power absorbed by t h e  sample and 'im 
0 i f  hfi < = AE 
u(hfi - LIE) 5: 
1 i f  hfi  > &E 
The change i n  tbe mater ia l ' s  conductivity due t o  t h e  incident 
signal can be obtained by combining Eqs.  4.4 and 4.5 and i s  given by 
where t h e  subscript  zero indicates  quant i t ies  i n  t h e  absence of t h e  
s ignal .  Three cases a r e  of i n t e r e s t .  They are:  
1. The impurity and conduction bands. total1y overlap; i n  t h i s  case 
n = 0 and n = N 
S I and t h e  detection scheme operates on the pr inc ip le  of 
f r e e - c a r r i e r  absorption. The detector  performance i s  w e l l  represented 
by t h i s  case i n  t h e  absence of a magnetic f i e l d ,  
2. The charge carr iers .  are strongly bound t o  t h e  impurity band and 
t h e  familiar band p ic ture  of a semiconductor prevai ls .  This implies 
t h a t  n = 0 and t h e  detector  operates i n  a photoconductive mode. It 
has been shown e a r l i e r  t h a t  freeze-out of' c a r r i e r s  can be achieved i n  
the presence of a strong magnetic f i e l d ,  
InSb were shown t o  e x i s t  a t  energies of 108 x 
However donor l e v e l s  i n  n-type 
and 6.7 x lo-* eV 
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below t h e  conduction band"3 which correspond t o  ac t iva t ion  frequencies 
of 4352 and 162 GHz, respectively.  Both a r e  above t h e  frequency range 
of t h e  ava i lab le  s igna l  sources and therefore  a discussion of t h i s  case 
w i l l  not be presented here. 
useful  as a narrow-band tunable detector .  
This mode of operation might prove very 
3. There i s  a p a r t i a l  overlap between t h e  impurity and the  
conduction bands. This case w i l l  be discussed l a t e r  when t h e  magnetic 
f i e l d  e f f e c t s  a re  considered. Equation 4.7 i s  applicable i n  t h i s  case. 
Since no ionization energy f o r  n-InSb has been observed i n  t h e  
absence of a magnetic f ie ld ,64 t h e  change in  the  material  
as a r e s u l t  of i r r a d i a t i n g  the sample must be due t o  a change i n  t h e  
mobility, s ince the c a r r i e r  concentration remains e s s e n t i a l l y  constant e 
conductivity 
The change i n  the  mater ia l  conductivity as a r e s u l t  of the  mill imeter- 
wave s igna l  i n  the presence of t h e  microwave b ias  i s  shown i n  Appendix A 
t o  be given by the following equation: 
= KmPi e 
The proport ional i ty  fac tor  Km i s  given by 
where 
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~ K ( G  + Y ) P ~  
e ncVs(Kcro + G + Y)" 
= t h e  energy relaxat ion time, 
c = t h e  electron spec i f ic  heat, 
y = the  conversion eff ic iency of the incident millimeter-wave 
'e 
signal,  
Te = t h e  electron temperature 
and t h e  remainder of the terms were defined e a r l i e r ,  
The parameters T c and da(Te)/dT can be obtained by studying e' e 
t h e  temperature dependence of the  material  
response time as a function of the  temperature a t  approximately 
l i q u i d  helium temperature. 
detect ion scheme it i s  adequate t o  determine experimentally t h e  
dependence of the conductivity on the millimeter-wave s igna l  i n  t h e  pres-  
ence of the microwave sa tura t ion  b ias  s i g n a l  ( the microwave s igna l  power 
which r e s u l t s  i n  the  highest s e n s i t i v i t y  for  the  detector) .  
millimeter-wave s igna l  l e v e l  i s  very small compared t o  the  microwave 
b i a s  s igna l  and can be considered a s  a small  perturbation. Thus the  
conductivity and t n e  de tec tor  
However f o r  the  purpose of studying t h e  
The 
conductivity can be wri t ten 
where u(P, + Pim) and a(P,) 
presence and absence of the  
a s  
= cr(PX) f KA Pim , 
a r e  t h e  material 
millimeter-wave signal,  respectively.  
conductivity i n  t h e  
(4,lO) 
= the  millimeter-wave power -absorbed by t h e  sample and K' i s  given by 'irn m 
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(4.11) 
In the  absence of any mismatch o r  a t tenuat ion loss a t  the  millimeter- 
wave por t  Pi = Pime 
be obtained from Eq. 4.10, and when subs t i tu ted  into Eq. 4.3 gives t h e  
following expression f o r  t h e  change i n  t h e  detected power as  a r e s u l t  
of applying the  millimeter-wave signal 
Neglecting any mismatch loss t h e  value of x can 
Subst i tut ing the value of F as given by Eq, 3.67, Eq. 4.12 can be 
wri t ten as 
(4.12) 
where a l l  t h e  terms have been defined e a r l i e r .  
Equation 4.13 contains the  basic information concerning the  
conversion loss. 
f o r  optimizing the detector  performance. The optimization can be 
achieved through a proper choice of t h e  bulk mater ia l  and t h e  c i r c u i t  
both a t  the microwave and t h e  millimeter-wave frequencies. 
A thorough< invest igat ion of t h i s  equation i s  necessary 
4.2.3 External Ci rcu i t  Effects .  The conversion loss as a r e s u l t  
o f  the downconversion process follows d i r e c t l y  from Eq. be13 and is  
given by 
-123 - 
(4.14) 
where LD = t h e  conversion loss resu l t ing  from t h e  downconversion 
process e 
It i s  c l e a r  from Eq. 4.14 t h a t  t h e  coupling f a c t o r  i n  t h e  absence 
of t h e  s igna l  t o  be detected plays an important r o l e  toward minimizing 
t h e  conversion loss. 
loss on t h e  X-band coupling f a c t o r  8, i n  t h e  absence of t h e  mill imeter- , 
Figure 4.2 shows t h e  dependence of t h e  conversion 
wave signal. The curve exhibi ts  two peaks a t  B = (2 - 6) and (2 + 6) 
0 
and shows minima a t  Bo = 0, 1 and w .  
causes an increase i n  t h e  material conductivity, according t o  t h e  
discussion presented e a r l i e r  i n  Chapter I11 the  cavi ty  should be under- 
coupled and (2 - 6) w i l l  be t h e  optimum coupling fac tor .  
Since t h e  s igna l  t o  be detected 
In  addi t ion  t o  optimizing t h e  coupling f a c t o r  a t  t h e  bias frequency 
t h e  inser t ion  and coupling losses  a t  t h e  input and output terminals 
should be kept a t  a minimum. The e f f e c t  of these losses  i s  t o  add 
extra  contributions t o  t h e  conversion loss. 
The contribution t o  t h e  conversion lo s s  a t  t h e  input terminal 
r e s u l t s  from t h e  f a c t  t h a t  not a l l  t h e  incident power i s  being absorbed 
by t h e  bulk material .  The power absorbed by the  mater ia l  a t  the  
millimeter-wave frequency can be expressed as 
= a ( am ) (1 - r?)p 'im m l + a m  i i 9  
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% 
a l o  
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where am = t h e  l i n e  at tenuat ion a t  t h e  millimeter-wave frequency, 
Ti = the  r e f l e c t i o n  coef f ic ien t  a t  t h e  input terminal, 
a = Ko/G where G i s  t h e  cavity conductance a t  t h e  millimeter- m 
wave frequency and 
= the  incident s igna l  l e v e l  t o  be detected. pi 
The conversion loss L 
terminal i s  therefore  given by 
due t o  mismatch and i n s e r t i o n  loss a t  the input i 
I n  order  t o  optimize L am should equal one and ri should be as 
small as possible, which means t h a t  t h e  re f lec ted  power and the l i n e  loss 
i' 
should be kept as low as possible.  
l a r g e  as possible, which means t h a t  the  s igna l  power d iss ipa ted  by the  
On the  o ther  hand a; should be as 
cavi ty  walls should be very s m a l l  compared t o  t h e  power absorbed by 
the  sample. A p l o t  of L. as a function of r f o r  d i f f e r e n t  values of 
1 i 
i s  shown in Fig. 4.3 assuming a = 1 (loss less  l i n e ) .  "m m 
Before concluding t h i s  section the  e f f e c t  of output mismatch and 
inser t ion  lo s s  on t h e  conversion eff ic iency should be considered. 
contr ibut ion i s  due t o  mismatch loss a t  t h e  c i r c u l a t o r  
The 
input  and output 
por t s  and inser t ion  l o s s  between the  c i r c u l a t o r  por t s .  The output 
mismatch l o s s  can be expressed as 
P ox PD Lox = - - 
'ix 'rx 
9 (4 16) 
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where Pox 
'ix 
Prx = t h e  re f lec ted  power from t h e  cavi ty  and 
= t h e  ava i lab le  power a t  c i r c u l a t o r  por t  No.  2, 
= the  l o c a l  o s c i l l a t o r  power a t  the  microwave frequency, 
PD = t h e  detected power a t  the  microwave frequency. 
Referring t o  Fig. 3.1 (Pox/Pix) and (PD/Prx) can be w r i t t e n  as 
- -  'OX - a(1 - F2 )a 
'ix i x  12 
and 
(4.18) 
where Fix and Fox a r e  t h e  voltage r e f l e c t i o n  coef f ic ien ts  a t  c i r c u l a t o r  
port  Nos. 1 and 3 ,  respectively,  and aij = t h e  c i r c u l a t o r  
loss between por t s  i and j .  
i n s e r t i o n  
Subst i tut ing Eqs.  4.17 and 4.18 i n t o  
Eq. 4.16 t h e  output mismatch loss Lox can be expressed as 
Lox = rn a (1 - rFx)(i - FX) 
12 23 
(4 * 19) 
It i s  c l e a r  from Eq. 4.19 t h a t  i n  order  t o  minimize t h i s  conversion 
loss the  c i r c u l a t o r  should be per fec t ly  matched t o  both t h e  l o c a l  
o s c i l l a t o r  source and the  microwave detector .  In addition, t h e  i n s e r t i o n  
l o s s  due t o  the  c i r c u l a t o r  and the transmission l i n e  connecting the  
cavi ty  t o  t h e  c i r c u l a t o r  should be kept a t  t h e i r  lowest possible  values.  
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4.2.4 Saturat ion Effects.  Equation 4-13 shows t h a t  the  change 
i n  the  detected power is  proportional t o  t h e  microwave bias s igna l  l e v e l ;  
t h i s  r e l a t i o n  w i l l  hold if the material  conductivity i s  proport ional  t o  
the  microwave bias.  However it has been shown i n  Chapter I1 t h a t  t h i s  
holds only f o r  small s i g n a l  leve ls  and as t h e  b i a s  power i s  increased t h e  
material  
independent of the b i a s  l e v e l  as shown i n  Fig. 2.28. In order t o  account 
f o r  t h i s  e f fec t ,  a term Ls representing t h e  sa tura t ion  loss at  t h e  
microwave frequency should be added t o  t h e  expression f o r  t h e  change i n  
the detected power. The experimental r e s u l t s  f o r  t h e  dependence of t h e  
inser t ion  loss on the microwave b ias  l e v e l  a r e  shown in Fig. 4.4. 
experimental r e s u l t s  were found t o  f i t  t h e  following equation 
conductivity changes a t  a lower r a t e  and f i n a l l y  becomes 
The 
p i p  
Ls = , (4.20) 
where Ps i s  t h e  power l e v e l  a t  which t h e  conversion loss drops by 3 dB. 
The function (Pix/Ps)/(l + Pix/Ps) i s  p l o t t e d  i n  Fig. 4.4 f o r  comparison. 
Equation 4,20 shows t h a t  f o r  optimum detector  performance Pix >> P e / 
S 
The concept of e lectron temperature can be u t i l i z e d  t o  explain the  
sa tura t ion  phenomena a t  the  microwave frequency. Since a t  4,2'K t h e  s c a t -  
t e r i n g  mechanism i s  dominatt 3. by ionized impurity scat ter ing,  t h e  e lec t ron  
temperature w i l l  increase above t h a t  of  t h e  l a t t i c e  if ae >> T ~ ~ ,  where 
a i s  energy relaxat ion time and a i s  t h e  e f f e c t i v e  time of  e lectron-  
e lectron c o l l i s i o n  red is t r ibu t ing  t h e  energy among t h e  system of e lec t rons ,  
The increase i n  t h e  c a r r i e r  
increase i n  t h e i r  mobility. 
e ee 
temperature r e s u l t s  in a corresponding 
Studies made on t h e  dependence of .re on 
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temperature by Whalen and W e ~ t g a t e ~ ~  show t h a t  .te i s  e s s e n t i a l l y  
independent of  temperature up t o  about lh°K, and above t h a t  temperature 
T decreases considerably with increasing temperature. Therefore as 
t h e  incident microwave s i g n a l  l e v e l  increases t h e  electron temperature 
w i l l  increase above 4.2"K until  it reaches a value of about 1 4 ' ~  where 
t h e  o p t i c a l  phonon s c a t t e r i n g  becomes appreciable. A s  a r e s u l t  T 
star ts  t o  decrease causing the c a r r i e r  temperature t o  increase a t  a 
lower r a t e ;  f i n a l l y ,  as t h e  inequal i ty  ze  >> T~~ becomes inva l id  t h e  
c a r r i e r  temperature sa tura tes  and the mater ia l  conductivity becomes 
independent of  t h e  microwave power leve l .  
e 
e 
4.2.5 The Terminal-to-Terminal  Conversion - Loss e The contr ibut ion --
of t h e  ex terna l  c i r c u i t  can be combined with the  downconversion and 
sa tura t ion  loss t o  give t h e  terminal-to-terminal conversion loss L 
which can be expressed as 
T 
LT = L L L  L . D i o x s  (heel)  
Subst i tut ing fromEqs. 4.14, 4-15, 4-19 and 4.20 into Eq,  4.21 the terminal-  
to-terminal conversion loss becomes 
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This i s  the  basic equation describing t h e  detector  performance, it 
includes a l l  the  external  c i r c u i t  e f f e c t s  and the mater ia l  parameters. 
The external  c i r c u i t  e f f e c t s  have been discussed e a r l i e r  and can be 
improved. However t h e  mater ia l  parameters have the  most important 
e f f e c t ;  they w i l l  s e t  the  l i m i t s  regarding the  detector  performance. 
The most important mater ia l  parameters a f fec t ing  the  detector  
performance a r e  CT ‘t K and Kim The e f f e c t  of T w i l l  be discussed 
oy e’ e 
l a t e r  when the  response time of the detector  i s  considered. The 
dependence of L 
of o0 and h ighvalues  o f K i  and K a r e  required f o r  improved de tec tor  
performance. This means t h a t  very high pur i ty  compensated samples with 
a l a r g e  value of (drro/dPix) are required f o r  appl icat ion i n  t h i s  scheme. 
In  addi t ion t h e  cavi ty  Losses should be kept as low as possible  such t h a t  
(G /KO ) << 1. This can be achieved by highly polishing and e lec t ro-  
p l a t i n g  t h e  i n t e r i o r  cavi ty  walls and choosing K as high as possible .  
on o0 and K ’  can be seen from Eq. 4.22. A low value T m 
0 0  
In  order  t o  inves t iga te  t h e  t h e o r e t i c a l  l i m i t  on t h e  conversion 
loss t h e  i d e a l  case of no mismatch or i n s e r t i o n  l o s s  a t  the  input or 
output terminal i s  considered. It i s  a l so  assumed t h a t  t h e  optimum 
coupling f a c t o r  B i s  used and t h e  microwave bias s igna l  i s  much g r e a t e r  
than t h e  sa tura t ion  signal leve l .  
0 
With these assumptions, Eq. 4.22 
reduces t o  
= the  inser t ion  loss with a matched and l o s s l e s s  c i r c u i t .  where (LT)matched 
-132- 
It i s  seen from Eq. 4*23 t h a t  t he  sa tura t ion  microwave s igna l  l eve l  
and t h e  sample dimensions a r e  important f ac to r s  i n  determining t h e  
theo re t i ca l  l i m i t  on t h e  detect ion scheme. Since t h e  sa tura t ion  s igna l  
l e v e l  i s  proport ional  t o  t h e  volume of  t he  material ,  Eq. 4.23 can be 
wr i t t en  i n  the following form: 
K(KO >vs 
- (Go + Koo)(G + KO) ' (4.24) 
(LT 'matched 
where R i s  a propor t iona l i ty  f a c t o r  and Vs i s  t h e  w t e r i a l  
Assuming t h e  a rea  of t h e  sample t o  be l imi ted  by t h e  area under t h e  
cen t r a l  post  of the  cavi ty  and i t s  thickness t o  be t, Eq. 4.24 can be 
wr i t t en  as 
volume. 
A3 t 
(LT)matched = R  <tGo + Aoo)(tG + Ao) (4.25) 
The optimum thickness can be found by d i f f e ren t i a t ing  t h e  r i g h t -  
hand s ide  of Eq. 4,25 with respect  t o  t and equating t h e  r e s u l t  t o  
zero which y i e lds  
= A  JT , 
GGO 
(4,26) 
where t 
been defined e a r l i e r .  Equation 4.26 i s  va l id  provided t = R ,  where 1 
i s  the  spacing between t h e  c e n t r a l  post  and the  bottom of t h e  cavi ty  as 
shown i n  Fig.  3.12. 
A / t  f o r  d i f f e r e n t  values of a/G. 
i s  the optimum thickness  and t h e  remaining quan t i t i e s  have 
OP 
< 
O P  
Figure 4.5 shows t h e  dependence of (LT)matched on 
The value of o /G f o r  these  p l o t s  
-133 - 
was assumed independent of the frequency (.,/Go 
for (Ls)matched 
= O / G )  and the  sca le  
i s  a rb i t ra ry .  
4.3 Estimation of t h e  Response Time - --
The detector  response time i s  a measure of i t s  a b i l i t y  t o  respond 
t o  modulated s ignals  a t  s u f f i c i e n t l y  rapid ra tes .  The maximum modulation 
bandwidth i s  the  f a c t o r  t h a t  s e t s  t h e  l i m i t  on the  response time of 
the  detector.  The modulation bandwidth should not be confused with t h e  
useful  bandwidth which i s  the frequency range over which the input 
s igna l  can be tuned without appreciable deter iorat ion i n  the  output. 
The speed of response of dc-biased an4 heterodyne detectors  using 
bulk InSb i s  l imited by the  external c i r c u i t  parameters. In  t h e  case 
of dc-biased bulk semiconductor detectors  the  response time i s  l imi ted  
by the  RC time constant of the  c i r c u i t ,  most of which i s  due t o  the  
input capacitance of the  following amplif ier  together  with t h e  s t r a y  
and lead capacitances. 
i s  l imited by the  mixer c i r c u i t  and t h e  IF of t h e  system. In  the case 
of microwave-biased detectors  the  time constant i s  l imi ted  by the  
c a r r i e r  energy relaxat ion time provided the  bandwidth of the input 
millimeter-wave cavi ty  does not degrade t h i s  time constant. This 
requirement i s  s a t i s f i e d  if  Fn > fm, where Bm i s  the  input mill imeter- 
wave cavi ty  bandwidth and f m  i s  t h e  maximum modulation bandwidth, which 
i s  readi ly  rea l izable  a t  values of Bm 2 20 MHz. 
previous discussion t h a t  with microwave-biased detectors,  t h e  f u l l  
po ten t ia l  of t h e  bulk mater ia l  can be u t i l i z e d  f o r  achieving a high 
speed of response 
On t h e  o ther  hand, the  response time of bulk mixers 
It i s  seen from t h e  
-1.35- 
The response time of t h e  detector  i s  derived i n  Appendix A and 
i s  given by 
(4.27) 
~ K ( G  + y)pi 
ncVs(Kao + G + Y)" 
a = . [ e -  
where a l l  t he  parameters have been defined e a r l i e r .  
of conduction electrons t o  have a degenerate Fermi-Dirac d i s t r ibu t ion ,  
t h e  e lec t ron  spec i f i c  heat c can be calculated,  66J67 and when subs t i tu ted  
i n t o  Eq. 4.27 y ie lds  
Assuming t h e  system 
O.&K(G + y)pi 
z = [I-
Vs(Kcro + G + Y)* 
(4.28) 
where P. i s  the  incident  millimeter-wave power i n  mW. In order t o  
examine t h e  e f f e c t  of t he  mater ia l  parameters on a, Eq. 4.28 is  wr i t t en  
i n  t h e  following form: 
1 
-1 z 
a = ae[l-:] 1 , 
where 
- -  z 1 -  Vs(Kao + G + Y)" 1 
7 0 . 6 8 7 ~ ( ~  + Y )  e 
(4.29) 
(4.301 
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It i s  seen from Eq. 4.29 t h a t  t he  detector  response time T 
approaches T 
i n  terms of t h e  measurable quantities, as follows: 
i f  T /-ce >> 1. Assuming y = 1, Eq. 4.30 can be expressed, 
e 1 
(4.31) 
Values of l / ze  and do/dT f o r  InSb samples of  i n t e r e s t  were found t o  be 
of  t h e  order  of 5 x lo6 s-l and 3 mho m - l 0 K - l  respectively a t  l i q u i d  
helium temperature. Subst i tut ing these  values i n  Eq. 4.31 y i e lds  a 
value of T /T 
with t y p i c a l  samples and assuming optimum coupling. It i s  seen from 
Fig.  4.6 t h a t  f o r  such values of T /T 
equal t o  -reo 
4 .3a1  
which i s  g r e a t e r  than 3 f o r  input s igna ls  less than 1 mW 
l e  
t h e  response t i m e  i s  e s s e n t i a l l y  
l e  
Trade O f f s  Between Conversion -- Loss and Response T i m e .  This ---
sec t ion  discusses q u a l i t a t i v e l y  t h e  nature  of t h e  trade o f f s  between t h e  
response t i m e  and t h e  conversion loss of  t h e  de tec tor ,  
t u r e  -re i s  constant and s e t s  the l i m i t  on the  response t i m e .  
shown t h a t  t h i s  l i m i t  can be achieved a t  any s i g n a l  level  below 1 mW. 
However a s  t he  s i g n a l  l e v e l  increases, it i s  seen from Eq. 4.30 t h a t  t h e  
value of T /T It 
i s  seen from Eq. 4.31 t h a t  i n  order t o  achieve a high speed of response 
with la rge  s igna l s  e i t h e r  o 
decreased. Both e f f e c t s  w i l l  degrade the  conversion loss a s  discussed 
e a r l i e r ,  This kind of t r ade  o f f  does not degrade the  q u a l i t y  of t h e  
de tec tor  performance s ince  i n  a l l  p r a c t i c a l  appl icat ions the  s i g n a l  t o  
be detected i s  very small. 
At a f ixed  tempera- 
It has been 
w i l l  decrease causing the  response time t o  increase.  
l e  
should be increased or do/dT should be 
0 
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FIG. 4.6 RESPONSE TIME vs. ‘C /T~. 
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Another t rade of f  deals  with the detector  performance as a 
function of the  temperature. The c a r r i e r  re laxat ion time T decreases 
considerably as the temperature i s  increased beyond 14"K6" which r e s u l t s  
i n  a f a s t e r  speed of response. However as the  c a r r i e r  e f fec t ive  
temperature is  increased K and K '  decrease considerably resu l t ing  i n  
a degradation of t h e  conversion loss. It should be kept i n  mind t h a t  
despi te  the  t rade  o f f s  it i s  the  c a r r i e r  relaxation time t h a t  s e t s  
t h e  l i m i t  t o  t h e  speed of response. 
e 
m m 
4.4 The Noise Equivalent -- Power (NEP) - -- 
4.4.1 Introduction. The NEP i s  t h e  measure of t h e  detect ion 
capabi l i ty  of t h e  detector .  In  order t o  develop an expression f o r  t h e  
NEP an invest igat ion of t h e  minimum detectable power and the o r i g i n  of 
noise  within the detection scheme i s  necessary. Four sources of noise  
a r e  present i n  the detect ion system; namely, f luc tua t ion  i n  t h e  back- 
ground radiation, f luc tua t ion  i n  t h e  incident signal,  noise  as a r e s u l t  
of  t h e  d.ownconversion process and the noise contribution from the  
postdetection system. 
In t h i s  section expressions f o r  the  minimum detectable  power a r e  
derived. These expressions together with the  noise sources can be 
u t i l i z e d  t o  determine the  NEP. The r e s u l t s  w i l l  be compared t o  the i d e a l  
case where the only noise source i s  the  background rad ia t ion  f luc tua t ion .  
4.4.2 Minimum Detectable Power (MDp) The c r i t e r i o n  f o r  mm" 
determining the  smallest observable signal can be understood by examining 
the bas i c  mechanism of operation of the  detection system. The re f lec ted  
microwave power from t h e  cavi ty  i s  separated from the  incident one i n  
the  c i r c u l a t o r  and applied t o  the c r y s t a l  detector .  The modulation on 
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the  millimeter-wave s ignal  appears as  modulation on t h e  re f lec ted  microwave 
s igna l  and t h e  problem e s s e n t i a l l y  becomes t h a t  of detect ing a small 
change on t o p  of a large-s ignal  leve l .  
order  t o  keep the  s igna l  l a r g e r  than the noise the following inequal i ty  
It has been shown that8J68 i n  
must be s a t i s f i e d  
5 2 f i  , "r n r  (4.32) 
where Pr = t h e  c,,ange in  the  re f lec ted  microwave power, 
Pr = t h e  ref lected microwave power and 
'n = the  noise  power i n  the  output l i n e .  
It should be noted t h a t  Eq.  4.32 i s  based on t h e  assumption t h a t  
Pr >> Pn and t h a t  t h e  equal i ty  sign s e t s  the threshold f o r  detection, 
i . e * ,  
(4.33) 
where  LIP,)^^^ = t h e  minimum detectable change i n  t h e  r e f l e c t e d  power. 
The change i n  t h e  re f lec ted  power reaching t h e  conventional 
detector  was shown t o  'be 
while the  re f lec ted  microwave power can be wr i t ten  as 
The minimum detectable power can be obtained by subs t i tu t ing  Eqs. 4.34 
and 4.35 i n t o  Eq. 4.33 and arranging terms and i s  given by 
It i s  c l ea r  t h a t  t he  can be minimized f o r  P = P . On the  
o ther  hand i t s  dependence on Bo i s  shown in  Fig.  4.7. 
t h i s  f i gu re  t h a t  the best  r e s u l t s  a r e  achieved w i t h  undercoupled c a v i t i e s  
whose coupling f ac to r  @ 
of (2 - 6) i s  wel l  recommended. 
i x  S 
It i s  seen from 
i s  l e s s  than 0.6. Therefore a coupling f a c t o r  
0 
For per fec t ly  matched and lo s s l e s s  input and output c i r cu i t s ,  
Eq. 3.36 reduces t o  the following form 
(4.37) 
This equation w i l l  be used t o  check t h e  theo re t i ca l  l i m i t s  on the  NEP 
o f  the detect ion system. 
-- 4.4.3 The Downconverzer Noise Contribution (PnD)@ This i s  the  
- 
inherent noise  i n  the  detect ion system and i s  independent of t he  ex te rna l  
c i r c u i t  e f f ec t s .  Noise sources of this nature  include the  noise  
generated i n  the  bulk material ,  background radiat ion f luc tua t ion  and 
the  loca l  o s c i l l a t o r  noise.  
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The pr inc ipa l  noise  sources i n  a semiconductor material are 
current  noise, generation-recombination noise  and thermal noise  e Current 
noise  has been associated with the  nonohmic contacts and surface 
conditions of the  material. It w i l l  e x i s t  only i n  t h e  presence of  de 
current  through the  material .  Therefore the current  noise  i n  a 
contact less  microwave-biased sample i s  zero. 
Generation-recombination noise  i s  due t o  modulation of t h e  
mater ia l  conductivity as a r e s u l t  o f  the instantaneous random 
f luc tua t ion  of t he  f r ee -ca r r i e r  density.  
photoconductive detectors  i s  e s sen t i a l ly  generation-recombination noise  
l imited.  However, t h i s  i s  not t he  case f o r  microwave-biased InSb 
detectors  f o r  the following reasons. F i r s t ,  t he  mechanism of  generation- 
recombination noise  depends on t h e  presence of c a r r i e r s  bound t o  t h e  
impurity band (or  valence band) which a re  being excited t o  the  conduction 
band. The absence of any ionizat ion energy f o r  InSb indica tes  t h a t  a l l  
t h e  c a r r i e r s  a r e  i n  t h e  conduction band. Therefore c a r r i e r  densi ty  
f luc tua t ion  i s  negl igible .  Second, t he  noise power i s  proportional t o  
t h e  average current  i n  the  sample. Third, t he  microwave b ias  e f f ec t ive ly  
increases t h e  photoconductive l i f e t ime  of  the  c a r r i e r s  which reduces 
the  contr ibut ion of the generation-recombination noise .  
The performance of most 
The previous d i scuss im shows t h a t  t he  only noise  source i n  InSb 
microwave-biased samples i s  the thermal noise. To f i n d  the  output no ise  
power of the  downconverter two noise  sources w i l l  be added t o  the  
equivalent c i r c u i t  o f  Fig.  3.2. The resu l t ing  c i r c u i t  i s  shown i n  
Fig.  4.8. 
a r e  given by 
The noise  currents  generated by the  cavi ty  and the  mater ia l  
FIG 7 4.8 MODIFIED CAVITY EQUIVALENT CIRCUIT INCLUDING THERMAL NOISE 
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p =  d%z-z-T o o x  
C 
(4 0 38)  
and 
(4839) 
where J T a n d  ,,/T = the r m s  of the  noise current of the  cavity m 
and t h e  material ,  respectively, and 
= the  bandwidth of t h e  output c i r c u i t .  Bx 
The noise power delivered t o  the  output w i l l  be given by 
4kBx (GOTo + KaoTe)Yo - 
'nT (Yo + Go + K o ~ ) ~  
(4.40) 
D The equivalent noise temperature o f  t h e  cavi ty  and t h e  bulk mater ia l  T 
follows d i r e c t l y  from Eq. 4.40 and i s  given by 
4~ 0 (G 0 0  T + K ~ ~ T , )  
T, = (4 e 41) u (Yo + Go + K G ~ ) ~  
The second noise  source i n  the downconversion process i s  due t o  
the  background radiat ion fluctuation., It was shown t h a t  t h e  noise power 
due t o  the  background radia ' ion f luc tua t ion  i s  an incoherent energy 
detector  with no long-wave cutoff i s  given by8 
(4 *42) 
where P 
and T i s  the  background temperature which i s  assumed t o  be much higher 
than the detector  temperature. The r a t i o  of t h e  thermal t o  the 
background rad ia t ion  f luc tua t ion  noise i s  
i s  the  noise  power due t o  t h e  background rad ia t ion  f luctuat ion 
nb 
'nT 3hBx TD 
E (T)3'2 - =  'nb (4.43) 
To check whether t h e  thermal noise  o r  t he  background radiat ion f luc tua t ion  
dominates, it i s  assumed t h a t  T = T which s impl i f ies  Eq. 4.43 t o  the  
following form: 
D e  
e T - -  - 'nT 
'nb 
(4 -44) 
Figure 4.9 i s  a p l o t  of PnT/Pnb vs. T f o r  Te = 10'K. 
t h i s  f igure  t h a t  Pnb >> PnT f o r  a l l  p rac t i ca l  cases.  
It -3  c l e a r  from 
The t h i r d  noise  source i n  t h e  downconverter i s  due t o  the  l o c a l  
o s c i l l a t o r .  Noise i n  t h e  l o c a l  o s c i l l a t o r  i s  a r e s u l t  of t h e  random 
f luc tua t ion  of t h e  amplitude and frequency of  i t s  output signal. The 
noise  power reaching the  postdetect ion system due t o  random amplitude 
f luc tua t ions  can be  obtained using Eq. 4.35 and i s  given by 
4a 82L 
n P  - 0 ox - 
2 a m  i x  ' P 
(1 + Bo) 
nam 
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where n i s  the noise-to-signal power r a t i o  a t  the  output of the  loca l  
o s c i l l a t o r .  Similar ly  the random deviation i n  t h e  input frequency w i l l  
contribute t o  the  noise  power reaching t h e  postdetection system. This 
i s  a d i r e c t  r e s u l t  of t h e  FM t o  AM conversion of t h e  cavi ty  frequency 
response. The output power due t o  the  l o c a l  o s c i l l a t o r  frequency random 
f luc tua t ion  i s  
am 
(4.46) 
where Qox = t h e  unloaded Q of the  cavi ty  a t  the  l o c a l  o s c i l l a t o r  
frequency and 
t h e  r m s  frequency deviation and i s  given by6' = a f r m s  
(4.47) 
where P = the  double sideband FM power and sB 
fn  = t h e  frequency deviation from the cavi ty  resonance frequency. 
Equations 4.45 and 4.46 can therefore  be combined t o  give the l o c a l  
o s c i l l a t o r  noise  contribution as 
(4.48) 
where Pnlo 
It i s  seen from Eq. 4.46 t h a t  t h e  FM noise can be reduced by reducing 
the cavi ty  Q. 
= the  l o c a l  o s c i l l a t o r  noise power a t  the  output terminal. 
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4.4.4 Noise i n  t h e  Postdetection System. In  addi t ion t o  the  ----
i n t e rna l  noise  generated i n  the downconversion process there  i s  the  
external  noise  generated i n  the postdetection system o r  the  demodulator. 
The postdetection system used i n  conjunction with the detect ion scheme 
i s  shown i n  Fig. 4.10. 
t h e  c r y s t a l  detector  noise  and the  video amplifier noise .  The noise  
power generated i n  a point  contact diode i s  given by7' 
Noise i n  the  postdetection system i s  due t o  
where Kd = a constant, 
Pd = t he  power incident on the  diode and 
f = t he  video frequency. 
On the  o ther  hand the  noise  power generated i n  the  video amplif ier  i s  
(4.52') 
where T = the  e f f ec t ive  amplif ier  noise  temperature. a 
4.4.5 REP and Signal-to-Noise Ratio of the Detection System. The - -- ----- 
r e s u l t s  of t h e  previous sections w i l l  now be u t i l i z e d  t o  determine the  
NEP and S/N r a t i o  of t he  detect ion system. 
c r y s t a l  de tec tor  obeys a square l a w .  The change i n  the  detector  output 
voltage due t o  a change 6Pr i n  the  re f lec ted  power i s  given by 
It i s  assumed t h a t  the  
= gs  6P d rx  (4.51) 
F I G .  4.10 POSTDETECTION SYSTEM. 
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where g = t he  gain of the  video amplif ier  and 
Sd 
= t he  detector  responsivity i n  V/W. 
The detected s igna l  as a r e s u l t  o f  t he  incident  millimeter-wave 
power can be obtained by subs t i tu t ing  Eq. 4.34 in to  Eq. 4,,51 and i s  
given by 
The noise  power a t  t h e  input of the  c r y s t a l  detector  can 5.e obtained b y  
combining Eqs. 4.40, 4.42 and 4.48 and i s  given by 
(4.53) 
where PnD = t he  noise  power a t  t h e  input of t h e  c r y s t a l  detector .  The 
noise voltage V a t  the  output  o f  the  video amplif ier  can be expressed n 
as 
- - 
where 
the  amplifier,  respectively,  and a r e  given by 
and ? a r e  the mean square noise  of  the  c r y s t a l  de tec tor  and na 
and 
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V2 = 4g2 kTRaBx na (4.56) 
where Rv = t h e  video res i s tance  o f  t h e  diode and 
Ra = t h e  equivalent noise  res i s tance  of the video amplif ier .  
From Eqs. 4.53 through 4.56 the  rms noise  voltage i n  the output i s  
ox 4m 
2 (1 + Bo) 
Q ox i x  
vn - - 2g {s; 4a32r (1 + Bo) 2 [ 
e (,@Sam + Qgx af2 r m s  ) pix] + kTR,Bx + BTR v x  3 
The signal-to-noise r a t i o  follows d i r e c t l y  from Eqs .  4.57 and b.52 and 
i s  given by 
On the  other  hand the  (NEP)m can be obtained by equating V 
which y ie lds  
t o  Vs n 
3 
17 0 (1 + L) K'O (1 + Bo) (1 + PiX/PS) 
( N W m  = 4 aKigSdBo (1 - Bo )LiLox ps(pix' P s )  'n * (4.59) 
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A s  indicated e a r l i e r ,  the  (NEP)m when normalized t o  1 Hz 
bandwidth i s  a good measure of t h e  detecting a b i l i t y  of the detect ion 
system. The normalized (IWP ) with a per fec t ly  matched c i r c u i t  i s  
given by 
N M m m  
B2n o a m  + Q E ~  
+ 
2 (1 + Bo) 
It i s  worthwhile t o  invest igate  the  dependence of the NEP on t h e  
microwave bias l e v e l  and the background temperature. 
p l o t t e d  i n  Fig. 4.11 f o r  d i f f e r e n t  values of T using t h e  parameter 
values l i s t e d  i n  Table 4.1. 
an optimum bias l e v e l  a t  which the  (rJEP)m i s  minimum. 
contribution of the  d i f f e r e n t  noise  sources a t  t h i s  bias l e v e l  ind ica tes  
t h a t  t h e  background radiat ion f luc tua t ion  i s  t h e  l imi t ing  fac tor  
concerning t h e  detector  performance. However, the  background rad ia t ion  
f luc tua t ion  noise  contribution can be cu t  down considerably by 
incorporating appropriate f i l t e r s  with the detection system, 
describes t h e  detector  
noise contribution i s  neglected. I n  t h i s  case the  c r y s t a l  detector  
shot noise  w i l l  s e t  t h e  l i m i t  on the  detect ion system performance. 
Equation 4.60 i s  
It i s  seen from Fig. 4.11 t h a t  there  e x i s t s  
A study of t h e  
Figure 4 /. 12 
(NEPM)m when the  background radiat ion f luc tua t ior  
- 30 
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FIG. 4.11 (NEPm),, VS. Pix FOR DIFFERFNT VALUES CF 34CKF.CL%T) TE3PERATUNi'. 
F I G .  4.12 (NEpNM), I N  THE ABSENCE OF BllCKGROUND RADIATION FLUCTUATION 
NOISE e 
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Table 4.1 
Parameters Used i n  Figs. 4.11 and 4,12 
Af2 = 0.001 Hz2 K;/c~~ = 1250 
TD 
= 2 -  Jj 
BO 
rms 
= lOoK Ps = 0.5 mW 
Ra = 1000 R 
RV = 10,000 R K O ~ / G ~  = 1 
QOX 
n = 10-15 
am = 2 x io3 V/W 'd 
= 6 x Kd = 500 
- 4.5 summary 
In  t h i s  chapter the physical propert ies  describing t h e  detect ion 
scheme were described. 
reducing the (NEP),, and the  conversion loss. 
minimum if  P >> P . The response time i s  l imited by the  c a r r i e r  
re laxat ion time which is  of the  order of 
by t h e  video detect ion system a t  t h e  microwave output. 
summarizes the  t h e o r e t i c a l  r e s u l t s  of t h e  detector  parameters using 
the  experimentally obtained value f o r  (Ki/oo) and a 1 N 2 3  as the  video 
detector .  
The f a c t o r  (Kf/a ) plays an important ro le  i n  
The conversion loss i s  
m o  
i x  S 
s. The (NEP)mm i s  l imi ted  
Table 4-2 
It should be emphasized t h a t  values l i s t e d  i n  Table 4*2 
correspond t o  t h e  material  and t h e  c i r c u i t  used and do not represent the 
t h e o r e t i c a l  l i m i t  o f  t h e  detector  performance. 
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Table 4.2 
Summary of  the  Theoretical  Values 
o f  D e t  e c t o  r Pa rame t e r s * 
(LT 'matched 
(WPm)mm using lN23 c r y s t a l  detector  
(NEPm) using an idea l  video receiver  
Response time 
2: 6s 
= 
= 
-74.25 i%m pe r  unit bandwidth 
-69.7 dBm per  uni t  bandwidth 
= 
* 
Using the  ava i lab le  sample and t h e  c i r c u i t  shown i n  Fig.  5.2. 
** 
depends on P which i s  a function of t h e  s i z e  o f  the  (LT matched S 
sample used. 
CHAPTER Ve EXPERIMENTAL INVESTIGATION OF THE DETECTION SCHEME 
- 5.1 Introduction 
This chapter deals with the  experimental evaluation of the 
detect ion scheme. The detector  was t e s t e d  a t  some chosen frequencies i n  
the  range of 35 t o  150 GHz. The t e s t  frequencies were chosen according 
t o  the  a v a i l a b i l i t y  of s igna l  sources and t e s t  components. The experi- 
mental r e s u l t s  w i l l  be presented and compared to  the  theore t ica l  analyses 
of Chapters I11 and I V .  I n  the f i r s t  section the experimental setup i s  
described along with a discussion of  the measurement system. The 
experimental r e s u l t s  on t h e  conversion loss and the noise equivalent 
power w i l l  be presented next and compared t o  t h e  t h e o r e t i c a l  predictions.  
One sect ion w i l l  deal  with the measurement of the response time and a 
q u a l i t a t i v e  comparison t o  t h e  t h e o r e t i c a l  predictions e The last sect ion 
i s  devoted t o  t h e  invest igat ion of t h e  d e t e c t o r ' s  propert ies  as a 
function of the  magnetic field., 
- 5.2 Experimental Setup 
5.2.1 Downconverter Ci rcu i t .  The c i r c u i t  used f o r  t h e  detect ion 
scheme i s  i l l u s t r a t e d  i n  Figs.  5.1. The high-purity InSb sample with 
dimensions of  4 x 2 x 1 mm i s  placed under t h e  c e n t r a l  post  o f  the 
reentrant  cavity.  The cavi ty  must be simultaneously resonant a t  the  
microwave bias frequency and t h e  frequency of t h e  millimeter-wave s igna l  
t o  be detected which insures a grea te r  in te rac t ion  between t h e  s igna l  
and t h e  material .  The resonance frequencies of the cavity a r e  essent ia l ly  
-157 - 
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determined by i t s  physical  dimensions due t o  the  f a c t  t h a t  t he  sample 
volume is  very small compared t o  that of t h e  cavi ty  and i t s  d i e l e c t r i c  
I 
constant i s  not  too high ( E  The cavi ty  dimensions were chosen 
t o  make it  resonant a t  an X-band frequency a t  one of t h e  lower-order modes. 
Many higher-order modes w i l l  e x i s t  providing resonance frequencies i n  t h e  
m i l l i m e t e r -  and submillimeter-wave region. 
= 16). r 
The microwave b i a s  s igna l  i s  coupled t o  t h e  cavi ty  by a semirigid 
coaxial  cable  (Amphenol No. 412-668) and the  coupling f a c t o r  can be 
adjusted by changing the  or ien ta t ion  of t h e  coupling probe w i t h  respect 
t o  the  f l u  l i n e s  within the  cavity.  This can be done by providing means 
to  ro t a t e  the  coaxial  l i n e .  On t h e  o ther  hand t h e  millimeter-wave s igna l  
was coupled t o  the  cavi ty  by a long piece of a Ka-band waveguide through 
an i r i s .  A moving short  a t  the end of t h e  waveguide has been provided 
t o  ad jus t  the  millimeter-wave cavi ty  coupling f ac to r .  It w a s  possible  
t o  obtain any desired coupling f a c t o r  a t  the  microwave frequency by 
ro ta t ing  the  coaxial  l i n e .  However the  problem was r a the r  severe a t  the  
millimeter-wave frequencies because the  moving short  used t o  f reeze i n  
i t s  place once the cavi ty  system was cooled down. The measurenients had 
t o  be done a t  t he  ava i lab le  modes, most of which were poorly coupled. 
It i s  f e l t ,  however, t h a t  t h i s  problem can be resolved. 
5e2.2 Measurement C i i zu i t .  Figure 5*2  shows a block diagram of 
the  experimental setup used t o  inves t iga te  the detection scheme. The 
c i r c u i t  cons is t s  of two par ts ,  the  input sect ion a t  t h e  millimeter-wave 
frequency t o  be t e s t ed  and the  output sect ion a t  the microwave b ias  
frequency. The output c i r c u i t  i s  e s sen t i a l ly  the  same as  t h a t  discussed 
i n  Section 3.2. The input c i r c u i t  provided means t o  monitor t h e  incident 
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and re f lec ted  millimeter-wave s igna ls .  The d e t a i l s  of t h i s  c i r c u i t  
var ied according t o  the  ava i lab le  components a t  the t e s t  frequency and 
a t y p i c a l  c i r c u i t  i s  shown i n  F iga  5.2. The c i r c u i t  parameters were 
measured a t  each frequency and t y p i c a l  values f o r  such parameters a r e  
given i n  Table 5.1. 
Table 5.1 
* 
Typical Values of C i rcu i t  Brameters  a t  the  Test Frequencies 
Operating Frequency 
( GHZ ) 
8 526 
34 e 56 
80 02 
148.82 
Line Loss  
0
1.2 
4 
4 
7 
0.579 255 
0.43 425 
0 -72 600 
** ** 
Cavit.y 3 dB 
Bandwidth 
(MHZ) 
33 
80 
110 
** 
Line VSWR 
1.1 
1.5 
1.45 
1.26 
* T = 4.2'~. 
Not measured. 
** 
5.2.3 Measurement Procedure. The f i r s t  s t ep  i n  the  operation of  
t h e  device i s  t o  s t a b i l i z e  the  microwave source t o  one o f t h e  cavi ty  
modes. The coupling f a c t o r  t o  the  cavi ty  i s  then adjusted t o  the  des i red  
value. The next s t ep  i s  t o  loca t e  a cav i ty  resonance i n  the  v i c i n i t y  of 
the  millimeter-wave frequency of the s i g n a l  t o  be detected and t o  tune the  
millimeter-wave klystron t o  the  resonance frequency of the cavi ty .  
Square-wave modulation i s  applied t o  t he  millimeter-wave klystron i n  
such a way t h a t  the klystron i s  turned on and o f f  and the  change i n  the 
-163 - 
r e f l ec t ed  microwave s igna l  as a r e su l t  of t h e  incident  s igna l  i s  
observed. Care should be exercised t o  make sure  t h a t  the  cavi ty  system 
i s  i n  thermal equilibrium with the  l i qu id  helium bath during t h e  course 
o f  t he  measurements. 
the  l i q u i d  helium f o r  t h e  system t o  reach thermal eq1LilibrL:ri. ~r 
addition, t h e  l i q u i d  helium l e v e l  should be checked regulzr ly  . 
Enough time should be allowed a f t e r  t ransfer r ing  
- 
- 5.3 Conversion - Loss Measurement 
5.3.1 Saturat ion Loss a t  the  Microwave Frequency. It was shown 
i n  Chapter I V  t ha t  t he  conversion loss i s  minimized i f  P >> P e The 
sa tura t ion  e f f ec t s  a t  the  microwave frequency were s tudied by monitoring 
i x  S 
6P vs. P e The microwave source was s t ab i l i zed  a t  t he  cavi ty  resonance 
frequency whose value i s  8.576 GHz. 
square-wave modulated a t  1000 Hz and i t s  l e v e l  was maintained constant.  
D i x  
The millimeter-wave s igna l  was 
The experiment was performed a t  three millimeter-wave frequencies whose 
values a re  34.56, 80.02 and 148.02 GHz. 
i l l u s t r a t e d  i n  Figs. 5.3 through 5.5 for t he  s igna l  frequencies o f  
34.56, 80.02 and 148.82 GHz, respectively.  It i s  seen from these p l o t s  
The experiment.al r e s u l t s  a r e  
t h a t  the  dependence of  the de tec tor  performance on t h e  microwave b ias  
l e v e l  i s  i n  good agreement with Eq. 4.20. The experimentally measured 
values of P varied s l i g h t l y  f o r  the th ree  cases considered. It i s  
an t ic ipa ted  t h a t  Ps i s  a function of the sample 
microwave cav i ty  coupling fac tor .  However t h e  discrepancy i n  the  values 
S 
volume and the 
of P f o r  the three  cases considered could be due t o  a s l i g h t  deviation 
between the  cavi ty  resonance frequency and t h e  microwave s igna l  
S 
frequency. 
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5.3.2 Input Frequency Deviation Loss L i f ’  The dependence of - 
the  detector performance on the  input frequency i s  very impnytant i n  
determining the  usable input bandwidth. 
Deviation of the  s igna l  frequency from the millimeter-wave cavi ty  
resonance frequency w i l l  cause a decrease i n  the power absorbed by the  
sample. This r e s u l t s  i n  an effect ive increase i n  the  conversion loss. 
The input frequency deviation loss L 
the  terminal-to-terminal conversion loss vs a the  frequency of t he  
input  signal.  On the o ther  hand the e f fec t ive  input tunable bandwidth 
i s  defined a s  the  bandwidth a t  which the  detector  response drops by 
3 dB compared t o  t h a t  a t  the  resonance frequency of t he  millimeter-wave 
can be measured by monitoring i f  
cav i ty  . 
It i s  c l e a r  t h a t  t h e  input  c i r c u i t  se ts  the  l i m i t  t o  
detector  input bandwidth. Therefore L equals t he  power 
by the  cavi ty  a t  t h e  s igna l  frequency t o  t h a t  a t  t he  cavi ty  
frequency and i s  given by 
if 
the 
absorbed 
resonance 
where 6 = (fi - fio)/fioJ i 
QLi = t he  loaded Q o f  t he  millimeter-wave cavi ty  and 
= the  resonance frequency of t he  millimeter-wave cavi ty .  
Figure 5.6 i l l u s t r a t e s  a typ ica l  experimental r e su l t  fo r  the input 
frequency deviat ion loss vs 
cavi ty  resonance frequency, 
t h e  s igna l  frequency deviation from t h e  
A p l o t  of Eq, 5.1 with QL. = $25 i s  included 
1 
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-FIG* 5 - 6  Lif VS. (fi - fro)- (fio = 34-56 GKz) 
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i n  Fig.  5.6 f o r  comparison. It i s  
bandwidth o f  the detector  i s  about 
consideration (f = 34,56 G H z ) .  i o  
5.3 - 3  Terminal-to -Terminal 
together with the  c i r c u i t  shown in- 
seen from t h i s  f i gu re  t h a t  t he  tunable 
80 MHz a t  the operating point under 
Conversion Loss I, .(I Equation 4 . 1  T -
Fig. 5.2 were used t o  measure L T . 
Calibrated thermistors were used t o  monitor t he  input millimeter-wave 
s igna l  f o r  frequencies i n  the  K a -  and E-bands. On the  o ther  hand t h e  
nominal s e n s i t i v i t y  of an FXR 2224s c r y s t a l  detector  was used t o  get  a n  
estimate o f  the  incident  power l eve l  a t  frequencies on the  order  of  
150 GHz. The operating conditions were adjusted t o  allow a terminal-to- 
terminal conversion l o s s  a s  low a s  possible.  The millimeter-wave s igna l  
was modulated a t  1000 Hz and the  microwave bias  l e v e l  was approximately 
1 mW. 
The experimental r e s u l t s  for L together  with the  input and output T 
mismatch losses  a r e  shown i n  Table 5.2. The idea l  ove ra l l  conversion 
loss was used as t h e  basis  f o r  comparing t h e  experimental and theo re t i ca l  
r e su l t s .  The idea l  device conversion loss i s  defined as t h e  device 
conversion loss if P >> P and both t h e  input and output c i r c u i t s  
a r e  i d e a l  (per fec t ly  matched and l o s s l e s s ) .  The expression f o r  the  
idea l  device conversion loss follows d i r e c t l y  from Eq. 4.22 and i s  
given by 
i x  S 
where Lov i s  the  device 
have been defined e a r l i e r .  
conversion loss and the  r e s t  o f  the  quant i t ies  
It should be noted t h a t  LD s e t s  t he  
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ult imate  performance of the  detector  concerning the  conversion loss. 
The value of (K'/o0) obtained from Fig.  2.27 together wi th  t h e  measured 
value o f  Go/Ko0 and P were used t o  ca lcu la te  the  values of Lov given 
i n  the  las t  column of Table 5.2. 
t he  last  column i s  due to t h e  f a c t  t h a t  t he  measured values o f  Ps di f fe red  
with frequency. On the o ther  hand, t he  experimental values of  L were 
obtained by subtract ing the  c i r c u i t  losses  from the  measured values of 
the  terminal-to-terminal conversion loss. 
S 
The discrepancy i n  the  values l i s t e d  i n  
D 
The dependence of t h e  terminal-to-terminal conversion loss on t h e  
input s igna l  l e v e l  was a l s o  measured. A t y p i c a l  r e s u l t  i s  shown i n  
Fig.  5*7. It i s  seen f r o m  t h i s  f i gu re  t h a t  t h e  terminal-to-terminal 
conversion loss i s  e s sen t i a l ly  independent of t h e  s igna l  l e v e l  t o  be 
detected.  This proves t h a t  K; i s  independent of t he  s igna l  leve l .  
- -  5.4 The Response Time 
The response time was measured by using a square-wave modulation 
t o  switch the  millimeter-wave klystron on and o f f  and by observing the 
detected s ignal .  Oscillograms displaying typ ica l  responses of t h e  
detector  a r e  shown i n  Fig. 5.8. 
performance was observed up t o  modulation frequencies as high as 300 kHz. 
This corresponds t o  t h e  maximum r a t e  a t  which t h e  millimeter-wave k lys t ron  
could be modulated. In- l ine  so l id - s t a t e  modulators could not  be used 
No noticeable drop i n  the  detector  
f o r  measuring the  detector  response time s ince the  best  commercially 
ava i lab le  modulator has a r i s e  time of 0.2 ms f o r  frequencies in the  
millimeter-wave range. It. is seen from the  previous discussion t h a t  t h e  
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FIG. 5.8 TYPICAL DETECTOR RES-W!?SE. T'IECTED SIGNAL. 
p. IT\TcIm:T SIrJ-TL4L. 
detec tor  response time could not be measured d i r e c t l y  due t o  the  
lack of t e s t  components a t  the millimeter-wave frequencies. It i s  a l so  
seen t h a t  t he  response t i m e  i s  much l e s s  than 3 x s. This resuLt 
agrees with the  predict ions of Chapter I V ,  where i t  was shown t h a t  t h e  
response time i s  l imi ted  by the  c a r r i e r  energy relaxat ion time whose 
value i s  approximately s .  The de tec tor ‘s  a b i l i t j -  t o  respond t o  a 
fast modulation r a t e  w a s  compared t o  a 1N53 c r y s t a l  mounted i n  a 
waveguide. Figure 5.9 shows the  r e s u l t  o f  such a cornparism a t  a 
modulation frequency of  250 kHz. It i s  seen from t h i s  f i gu re  tha t  tlie 
suggested scheme considerably outperforms c r y s t a l  de tec tors  (point-contact 
diodes) concerning the  speed of response. 
5.5 The Noise Equivalent Power (NEP) mm --- -
The noise  equivalent power was estimated by measuring the  power 
input t o  the  detector  which gives r i s e  t o  a mean-square output equal 
t o  t h e  mean-square value of  t h e  output no ise .  The s i g n a l  was s;uare-::a\-s 
modulated a t  1000 Hz and the concept of  t angen t i a l  s ens i t i v i t ) -  ?as .?sen 
adopted. The t angen t i a l  s ens i t i v i ty ,  as defined f o r  a squal.i.-m\-e 
modulated s ignal ,  i s  defined as the  s igna l  l e v e l  which r e s u l t s  i n  3 1  
output where the  top o f  t he  noise a t  t h e  base l i n e  i s  a t  t he  s a w  ie\-e1 
as the  bottom of  the  noise or the square-wave modulation. The c r i ~ s r L > n  
f o r  t he  t angen t i a l  s e n s i t i v i t y  i s  e a s i l y  understood from t h e  oscillog:1.ai,’ 
shown i n  Fig. 5.10. The experiment was performed a t  jke5c. and $L).L72 :Ez3 
it was not ca r r i ed  out a t  150 GHz due t o  t h e  lack  o f  equipment t o  measure 
t h e  absolute s igna l  l e v e l  i n  t h i s  frequepcy range. Figures 5-11 and 5-12 
show the experimental r e s u l t s  of the  (T\sEP ) vs. Pix f o r  the input 
NUlEl 
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FIG. 5.9 COMPARISON OF THE DETECTOR RESPONSE WITH A 1 ~ 5 3  
CRYSTAL MOUNTED I N  A WAVEGUIDE. 
fm = 250 kHz) 
(fi = 8 0 ~ 0 2  GHz, 
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FIG. 5.10 CRITERION FOR EQUAL SIGNAL AND NOISE. 
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frequencies of 80.02 and 34.56 GIIz, respectivcl-y, w l i t l w  ( N  I I : P ~  1 11,1 i s I t 11' 
(NEP)mm normalized t o  a uni t  bandwidth. 
(NEpN),, and (NEP)m a re  r e l a t ed  t o  the following equation 
It should be notmi that 
where B is  the  bandwidth of  t h e  video amplif ier .  It i s  seen from 
Figs .  5.11 and 5.12 t h a t  the  minimum measured values of (MEP ) 
80.02 and 34.56 GHz a r e  2.5 x and lo-' X, respectively.  It should 
be emphasized t h a t  these numbers a r e  obtained from the  measured terminal 
values, i .e. ,  t he  conversion losses have not been accounted f o r .  
X 
a t  
N mm 
It should be kept i n  mind t h a t  Figs.  5.11 and 5.12 ::ere ~ ~ : ? i n s 3  
using the c i r c u i t  shown i n  Fig.  5.2. Therefore, ir or5er t o  check t h e  
ult imate  noise  performance of t h e  detection scheme the  c i r c u i t  losses  
must be taken in to  consideration. The normalized noise equivalent power 
with both input  and output c i r c u i t s  pe r f ec t ly  matched (NEPm)m w i l l  set  
t h e  l i m i t  of  t he  ul t imate  noise  performance of  the scheme. The (NEPm)m 
can be obtained experimentally by subtract ing the  c i r c u i t  losses  given i n  
Table 5.2 from t h e  measured values of (NEPN),,. 
on P i s  shown i n  Fig. 5.13. It i s  seen from t h i s  f igure  t h a t  t h e  
experimental r e s u l t s  agree favorably with Ea_. 4.60. 
ana lys i s  o f  t he  contr ibut ion of the  d i f fe ren t  noise sources shows tha t  
t he  video detector  sets the  l i m i t  t o  t h e  detector  noise performance. 
It i s  expected t h a t  (NEP ) 
iniproving the  video detect ion system. A summary o f  t h e  r e s u l t s  
i s  shown i n  Table  5.3. The numbers i n  the l a s t  column were obtained on 
The dependence o f  (NEPm)m . 
i x  
In addition, 
could be lowered by at l e a s t  10 dE by N m  
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t h e  assumption of an idea l  noisefree video detector .  In  t h i s  case 
the noise  l i m i t  o f  the  detect ion scheme i s  determined by t h e  AM and FM 
noise  of t he  microwave source. 
Table 5.3 
A Summary of t he  Minimum Values of (NEP)m 
Signal  Experimental Experimental* Theoret ic81** Theoreticalt '  
Frequency (*pN)mm (mpm)mm (mpm)mm ( mpm) mm 
(GHZ) (dBm) (am) (dBm) ( d B 4  
34 53 -60 -70.2 -74.25 -8Q.7 
80.02 -66 -71.4 -74.25 -sa. 7 
148.82 - .58Tt -74.25 -69.7 
* 
Using the values of c i r c u i t  losses  l i s t e d  i n  Table 5.2. 
** 
Using Eq. 4.60 together with the  constants l i s t e d  i n  Table 4.1. 
Assuming an i dea l  noiseless  video detector .  
" Accuracy i s  based on the  nominal s e n s i t i v i t y  of the  Z224S c rys t a l .  
5.6 The Dynamic Range - -  
The dynamic range i s  defined here as t h e  r a t i o  of t h e  masirntm 
t o  t h e  minimum detectable  s igna l  leve l .  This i s  important whenever tht. 
modulation index of the s igna l  var ies  considerably. In  addition, t he  
dynamic range i s  ind ica t ive  of the  a b i l i t y  of t he  detector  t o  stand 
instantaneous s igna l  overloads. Therefore the dynamic range i s  an 
important f ac to r  when designing protect ive c i r c u i t s  f o r  detectors  w i t h  
burnout l imitat  ions 
-182- 
The lower l i m i t  of t h e  dynamic range i s  determined by (NEP)mm. 
On the  o ther  hand, t h e  upper l i m i t  i s  determined by burnout 
l imi t a t ion  o r  sa tura t ion  of t h e  detect ion scheme. It i s  c l e a r  t h a t  
there  i s  no burnout l i m i t  on bulk InSb microwave-biased de tec tors .  
Saturat ion effects of  t he  detect ion scheme were invest igated by 
studying t h e  dependence of t h e  de t ec to r ' s  response on t h e  mill imeter- 
wave s igna l  leve l .  
of t he  de t ec to r ' s  response vs. Pi. 
Figure 5.14 i l l u s t r a t e s  the  experimental r e s u l t s  
It i s  seen from the  f igure  t h a t  
t he  detector  sa tura tes  a t  an input s igna l  of 10 dBm. Therefore t k  
dynamic range of the  detector  i s  approximately 85 d5. It i s  w o ~ t h  
mentioning t h a t  point-contact diodes have a typ ica l  &::a:?-i~ range of 
55 dB. In addition, these detectors  have a burnout levkl  of  -25 dBm. 
- 5.7 Magnetic F ie ld  Effec ts  
5 .7-1 Introduction. The dependence of t h e  detector  
performance on magnetic f i e l d  w i l l  be presented i n  t h i s  sect ion.  
Application of t h e  magnetic f i e l d  r e su l t s  i n  quantizing t!-e sr?rg)- 
l eve l s  i n  the  conduction band. The charge c a r r i e r s  i n  t3e  ccr5xt ioi :  
band w i l l  res ide i n  the  f i r s t  Landau l eve l  i n  the absence o f  
millimeter-wave rad ia t ion .  The energy of t h e  Landau l e v e l s  above 
the  bottom of t h e  conduction band i s  given by71 
* 
where g = the  g-factor  which = -52 f o r  InSb, 
pB 
= the  Bohr magneton and n i s  an integer  ( n  = Q j l , 2 J e * a ) s  
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Moreover, as the  magnetic f i e l d  i s  increased fewer c a r r i e r s  
w i l l  remain i n  the  conduction band. This w i l l  reduce the overlap 
between the  impurity and the  conduction bands and f i n a l l y  s p l i t s  
them completely f o r  f i e lds  g rea t e r  than the freeze-out magnetic 
f i e l d .  
Conductivity change and s igna l  detection could be t h e  r e s u l t  
of f r ee -ca r r i e r  absorption resu l t ing  i n  a change of the c a r r i e r  
mobility, t ransi t ions between the d i f fe ren t  Landau l eve l s  o r  t r a n s i t i o n s  
between the  impurity and conduction bands. The hot-electron e f f e c t  
becomes i n e f f i c i e n t  as t h e  magnetic f i e l d  i s  incr2aseG since fewer 
c a r r i e r s  become ava i lab le  i n  the  conduction band. A s  a r e s u l t  t h e  
performance of t he  device a s  a wideband detector  de t e r io ra t e s  a t  
very high magnetic f i e l d s .  On the  o ther  hand, t r ans i t i ons  between 
Landau l eve l s  o r  from t h e  impurity t o  the  conduction band could 
r e s u l t  i n  a narrow-band tunable detector .  These t r a n s i t i o n s  become 
ef fec t ive  f o r  high magnetic f i e l d s  (above 3 t o  4 kS) where m s ~  of  
the  c a r r i e r s  w i l l  be res iding i n  the  impurity band. It has k e n  
shown71 t h a t  the  most probable t r ans i t i on  i s  between the  two lowest 
l eve l s  associated with two consecutive Landau leve ls .  Figure 5.15 
shows the  ac t iva t ion  frequencies f o r  such t r ans i t i ons  as a function 
of B. Transi t ions betweeii Landau l eve l s  become s igni f icant  f o r  f i e l d s  
g rea t e r  than the freeze-out magnetic f i e l d .  Therefore t h i s  e f f ec t  
can be observed f o r  frequencies above approximately 400 2Hz. 
Transit ions between the  impurity and conduction bands occur a t  
frequencies i n  the  v i c i n i t y  of 160 and 4350 GHz a t  high values o f  t he  
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magnetic f i e l d  (3 t o  4 kG). However, broadband t r ans i t i ons  are 
possible  a t  magnetic f i e l d  values l e s s  than % where there  i s  a 
p a r t i a l  overlap between the  impurity and conduction bands. These 
t r ans i t i ons  tend t o  increase the  conductivity and thus w i l l  add t o  
the hot-electron e f fec t .  
5.7.2 Dependence -- of t h e  Detector Response - on Magnetic FieLi.  
The concept of t he  magnetic f i e l d  conversion loss LB w i l l  be used to  
discuss the  detector  performance as a function o f  t he  applied 
magnetic f i e l d .  
i n  t he  presence of t he  magnetic f i e l d  t o  t h a t  without a magnetic f i e l d  
when a l l  t h e  otherparameters  a r e  held fixed. 
could be wr i t ten  a s  
LB i s  defined as the  r a t i o  of t h e  detected s igna l  
Using Eq.  4.7, Lg 
where a l l  t he  parameters have been defined ear l ier .  It i s  worth 
noting t h a t  p, depends on the s igna l  level,  n i s  a function of t he  
magnetic f i e l d  and i t s  value decreases with B, while ns i s  given by 
Eq. 4.6. 
Figure 5.16 i l l u s t r a t e s  the  typ ica l  dependence of LE on E 
f o r  a Ka-band s igna l  and various microwave bias  leve ls .  It i s  
seen from t h i s  f igure  t h a t  the  detector  response de te r iora tes  with 
magnetic f i e l d  a s  a r e s u l t  of t he  drop i n  the  value of n (number o f  
c a r r i e r s  contributing t o  the  hot-electron e f f e c t ) .  It i s  a l so  seen 
t h a t  the contribution of the  e lec t ronic  t r ans i t i ons  between the  
-187- 
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impurity and conduction bands i s  negl ig ib le  and the  f r ee -ca r r i e r  
absorption i s  the  dominant process i n  t h i s  frequency range. 
Figures 5.17 and 5.18 display LB vs. B f o r  frequencies i n  the  
E- and G-bands. It i s  seen t h a t  I, f i r s t  increases with E, reaches 
a maximum and then s tar ts  decreasing again. This ke%-.-Lo- i s  
consis tent  with the discussion presented i n  the previoix seer im. 
The improvement i n  the  detector response a t  lor.; magnetic f i e l d s  i s  
due t o  the  e lec t ronic  t r a n s i t i o n s  from the  impurity t o  the  conduction 
band. The contribution of these t r a n s i t i o n s  t o  t he  detect ion process 
w i l l  increase as the  magnetic f i e l d  i s  increased above zero s ince more 
c a r r i e r s  become ava i lab le  i n  the  impurity band. Electronic  
t r a n s i t i o n s  dominate over f r ee -ca r r i e r  absorption f o r  values o f  LB 
grea te r  than 0 dB. However, as the magnetic f i e l d  i s  increased 
further,energy bands w i l l  be formed and the  energy gap assoc ia ted  
with them w i l l  increase with magnetic field.33 
t r a n s i t i o n s  w i l l  drop t o  zero when h f .  < AI3 causing the de tec tor  
response t o  de t e r io ra t e  with increasing magnetic f i e l d  as a r e s u l t  
B 
The e lec t ronic  
1 
of the  inef f ic iency  of the f r ee -ca r r i e r  absorption. It i s  a l so  seen 
from Figs. 5.16 and 5.17 t h a t  the  de tec tor  response i s  l e s s  s ens i t i ve  
t o  magnetic f i e l d  when B i s  p a r a l l e l  t o  the  (110)-crystal  plane. 
5.7.3 Dependence of t he  Conversion Loss, Response Time and 
(NEP)mm -- on the  Magnetic Field.  
of t he  de tec tor  bandwidth on magnetic f i e l d .  It is  seen from t h i s  
f igure  t h a t  the de t ec to r ' s  bandwidth i s  reduced by about 25 percent 
Figure 5.19 i l l u s t r a t e s  the  dependence 
a s  t he  magnetic f i e l d  i s  increased from 0 t o  1 . 2  kG. Therefore 
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magnetic f i e l d s  can be used t o  improve the  s e l e c t i v i t y  of such a 
c l a s s  of  detectors .  
The terminal-to-terminal conversion loss w a s  found t o  depend 
s t rongly on the  l e v e l  of  t he  millimeter-wave s igna l  i n  the  presence 
of a magnetic f i e ld .  This i s  i n  cont ras t  with t h e  case where t h e  
magnetic f i e l d  i s  zero e Figure 5.20 i l l u s t r a t e s  t h e  experimental 
r e s u l t s  f o r  t he  dependence of  LTN on P f o r  severa l  values of t he  
i s  the  terminal-to-terminal conversion loss magnetic f i e l d .  
normalized t o  t h e  minimum value measured a t  t h e  designated value of 
t he  magnetic f i e l d .  It i s  seen from t h i s  f igure  t h a t  t h e  hot-electron 
e f f e c t  i s  t h e  mechanism responsible f o r  t he  s igna l  detect ion i n  the  
absence o f  the  magnetic f i e l d  (ns = 0 ) .  
c a r r i e r s  a r e  e s sen t i a l ly  i n  the  conduction band i r r e spec t ive  of  the  
s igna l  l e v e l  t o  be detected.  On t h e  o the r  hand t h e  dependence o f  The 
terminal-to-terminal conversion loss on P. i n  t h e  presence of magnetic 
f i e l d s  proves t h a t  both the  e lec t ronic  t r a n s i t i o n s  between t h e  
impurity and the  conduction bands together  with the hot-electron 
e f f e c t  a r e  responsible f o r  t h e  detect ion mechanism. The number of  
c a r r i e r s  i n  the  impurity band increases with the  magnetic f i e l d  and 
the  percentage o f  these c a r r i e r s  exci ted t o  the  conduction band w i l l  
i 
L~~ 
I n  t h i s  case a l l  t he  charge 
1 
depend on t h e  s igna l  l e v e l  as indicated by Eq. 4.6. 
The experimental r e s u l t s  f o r  the  dependence of  the response 
time on magnetic f i e l d  i s  shown i n  Fig. 5.21. The millimeter-wave 
klystron was modulated a t  50 kHz and t h e  detected s igna l  was 
observed as t h e  magnetic f i e l d  was var ied between L1 and 8 kGo It i s  
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seen from the oscillograms shown i n  Fig.. 5.21 t h a t  the  response time i s  
e s s e n t i a l l y  independent of  t h e  magnetic f i e l d .  The same experiment was 
car r ied  out  a t  a modulation frequency of 200 kHz. 
s igna l  was monitored using an rms vacuum tube voltmeter. No change i n  t h e  
detected s igna l  was observed as t h e  magnetic f i e l d  was varied between zero 
and 8.6 kG. 
I n  t h i s  case t h e  detected 
Figure 5.22 shows the  experimental r e s u l t s  f o r  the  dependence of 
on Be The (MDP)* is  less  sens i t ive  f o r  t h e  magnetic f i e l d  when it 
i s  or iented p a r a l l e l  t o  t h e  (110)-crystal  plane. However t h e  (MDP)m 
increased by 10 dB as t h e  magnetic f i e l d  was increased from zero t o  8 kG. 
This means t h a t  (NEP)m increases as a r e s u l t  o f  applyicg t h e  xagnetic f i e l d .  
- 5.8 Summary 
The device w a s  operated successfully a t  frequencies i n  the Ka-, 
E- and G-bands. The agreement between the  theoret.ica1 and experimental 
r e s u l t s  i s  qui te  favorable. The best  r e s u l t s  achieved so fa r  with t h e  
given material  a r e  l i s t e d  i n  Table 5.4. The r e s u l t s  1is t .ed i n  t h i s  t a b l e  
can be improved by proper mater ia l  choice. 
- . -- 
Table 5.4 
The Best Performance Achieved with t h e  Device 
L (with no magnetic f i e l d )  = 11.5 dB 
L (with B = 2#5 kG) = 4.5 dB 
( N E P ~ ) ~  (with no magnetic f i e l d )  
(NEPm)mm (with 53 = 2.5 kG) 
T 
T 
= -66 dBm per  uni t  bandwidth 
-69.5 dBm per un i t  bandwidth = 
The device performance was compared with ava i lab le  c r y s t a l  
detectors  f o r  these frequencies. The responsivity of t h e  device i s  
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a t  l e a s t  50 times b e t t e r  than a 22246 c r y s t a l  mounted i n  a G-band 
waveguide a t  150 GHz. In  addi t ion the  (rJEP)mm w a s  found t o  be a t  
l e a s t  10 dB lower than t h a t  achieved with the  7,224s c rys t a l .  
addi t ion the  device was found t o  excel over point-contact c r y s t a l  
detectors  mounted i n  a waveguide over a l l  the frequencies t e s t ed .  
In 
CHAFTER V I .  SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 
- 6.1 Summary - and Conclusions 
The purpose of t h i s  study was t o  inves t iga te  bulk semiconductor 
mater ia l  propert ies  and t o  study t h e i r  p o t e n t i a l  f o r  appl icat ion as 
millimeter- and submillimeter-wave de tec tors .  The f e a s i b i l i t y  of bulk 
InSb as a microwave-biased detector  f o r  t he  millimeter- and submillimeter- 
wave range has been experimentally demonstrated. 
pe r  unit bandwidth with 11.5 dB conversion Loss has been measured using 
the  c i r c u i t  described e a r l i e r .  The device competes fa7.-o-s:1:.- ;.:ith 
ex i s t ing  de tec tors  f o r  t h i s  frequency range. A comparison betw?er_ t h e  
device 
It should be emphasized t h a t  t he re  i s  s t i l l  room f o r  improvement through 
b e t t e r  c i r c u i t  design and proper material choice. 
An NEP of 6.8 x 10-l’ W 
performance and the  ex i s t ing  schemes i s  i l l u s t r a t e d  i n  Fig.  6.1. 
The scheme o f f e r s  a fast ,  wideband, highly sens i t i ve  and rugged 
de tec tor  with very low conversion loss. It excels over bulk mixers by 
eliminating t h e  need f o r  a loca l  o s c i l l a t o r  a t  the  millimeter-wave 
frequency and over Putley de tec tors  (dc-biased) with regard t o  the  speed 01 
response and the  elimination of  f l i c k e r  noise. A comparison between t h i s  
scheme and millimeter-wave aiodes shows t h a t  t h e  former i s  f r e e  from 
burnout l imi t a t ions  and i s  a l o t  easier t o  f ab r i ca t e .  An extremely f i n e  
contact a r ea  makes it very d i f f i c u l t  t o  manufacture millimeter-wave diodes 
and imposes severe burnout l imi t a t ions  on them. The only inconvenience 
i n  using t h i s  detector  i s  t h e  requirement f o r  cooling t o  a cryogenic 
-198- 
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temperature. However t h i s  has become qu i t e  f eas ib l e  recent ly  through 
the development of  closed r e f r ige ra t ion  systems. 
In  order  t o  determine the  c h a r a c t e r i s t i c s  of t h e  detectj.on scheme 
a de ta i l ed  and thorough evaluation of t h e  microwave propert ies  of  
bulk semiconductors i n  t h e  presence of a de magnetic f i e l d  has been 
conducted with spec ia l  emphasis on InSb. A two-band conduction mc&1 
was used f o r  t h i s  purpose. In  the  ana lys i s  a hydrogenic model ~ i a s  
u t i l i z e d ;  t h e  impurity ions were assumed t o  be arranged on a un i fom 
l a t t i c e  and t h e  c a r r i e r s  were assumed t o  have a Maxwellian distyi-rut ion. 
An expression f o r  t h e  magnetic f i e l d  required t o  f r eeze  out the  c a r r i e r s  
i n  t h e  impurity band was derived. Cavity perturbation t e 2 k i q u e s  using 
an equivalent c i r c u i t  approach were u t i l i z e d  t o  compare t h e  t h e o r e t i c a l  
and experimental r e s u l t s .  The method was found t o  Ce ver,- s e n s l t i v e  
and highly v e r s a t i l e .  In  addi t ion the  good agreement "'etireen tiiear:; 
and experiment j u s t i f i e s  t h e  case o f  t h e  equivalent circui-c approach. 
The conductivity of InSb proved t o  be indepeniienr o f  rhe [cicrowave 
s igna l  l e v e l  f o r  temperatures above 77°K. This proves thar  t h e  hot- 
e lec t ron  e f f e c t  is  neg l ig ib l e  over t h i s  temperature range. In  add i t ion  
the  sca t t e r ing  mechanism w a s  found t o  be dominated by acous t ic  and 
o p t i c a l  modes above 77°K. 
be pronounced a t  l i q u i d  heliam temperature and i s  t h e  process responsible 
f o r  the broadband detect ion mechanism. 
However, t he  hot-electron e f f e c t  was found t o  
An equivalent c i r c u i t  approach was u t i l i z e d  t o  derive the  
expressions describing the  physical propert ies  of  t he  detect ion scheme. 
An expression f o r  t h e  conversion loss was obtained and i t s  dependence 
on the  c i r c u i t  losses  was given. It w a s  found t h a t  t h e  conversion loss 
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i s  minimum when P i s  much g rea t e r  than P which depends on the s i ze  i x  S 
o f  the sample. The e f f e c t  of the  cavi ty  coupling f a c t o r  was discussed 
and i t s  optimum value was obtained, The NEP w a s  derived using the  
tangent ia l  s e n s i t i v i t y  concept. The f a c t o r  K '  which i s  proport ional  
t o  do /dP and i s  inversely proport ional  t o  cro plays an important; r o l e  
toward the  ul t imate  performance of the  downconverter. I t s  value was 
measured experimentally a t  l i q u i d  helium temperature by stcCi:.-irg :!:e 
dependence of t he  conductivity on the microwave s igna l  le-i-el. A 1~1 'g r  
value f o r  K; r e s u l t s  i n  a lower value f o r  NEP and t!ie m m - s r s i c r  lass. 
This shows t h a t  high-purity compensated samples a r e  best  sxite2. f o r  the  
de tec t ion  scheme. The NEP was found t o  be li:i:ite5 ?:,- -1:s ;cs:5?tection 
system and can be reduced by a t  l e a s t  10 d3 by kp_ro~.-icg the video 
detector .  The expression f o r  t h e  detector  response time w a s  derived 
by studying t h e  energy balance equation within the sample. The response 
t i m e  i s  l imi ted  by t h e  c a r r i e r  re laxat ion time and i s  independent o f  
t he  c i r c u i t  parameters and the s igna l  l e v e l  t o  be detected f o r  a l l  
p r a c t i c a l  purposes. 
m 
0 
The detect ion scheme was t e s t e d  a t  fre2uencies fr! ::? r a x e  - of  
35 t o  150 GHz. The agreement between the  theo re t i ca l  and experimental 
r e s u l t s  i s  exce l len t  i n  most cases.  The response time was too fas t  t o  
be measured d i r e c t l y  with the  ava i lab le  millimeter-wave tes t  equipment, 
The t h e o r e t i c a l  r e s u l t s  show t h a t  the response time i s  of  t h e  order  of 
s .  The tunable bandwidth of the de tec tor  was found t o  be l imi ted  
by t h e  input cav i ty  and of  t h e  order  of 100 MHz with the  c i r c u i t  under 
t e s t .  
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A minor improvement i n  the  detector performance a t  E- and 
G-bands was observed on applying a small magnetic f i e l d  (0-3 kG). 
However the  performance w a s  degraded a t  higher magnetic f i e lds .  This 
ind ica tes  t h e  presence of broadband t r a n s i t i o n s  from the  impurity t o  
t h e  conduction band as a r e s u l t  of t he  incident radiation. It a l s o  
shows t h a t  t h e  hot-electron e f f e c t  becomes i n e f f i c i e n t  a t  high magnetic 
f i e l d s  as a r e s u l t  of  the  reduction i n  t h e  number of c a r r i e r s  ava i l ab le  
i n  the  conduction band. 
- 6.2 Suggestions - f o r  Future Work 
The f e a s i b i l i t y  of microwave-biased bulk semicondwtor de tec tors  
f o r  t h e  millimeter- and submillimeter-wave de tec tor  k s  t.een demonstrated. 
However the  ult imate performance of  t h i s  c l a s s  of detectors has not been 
rea l ized .  The choice of mater ia l  plays an important r o l e  toward t h a t  
end. One problem which requires f u t u r e  inves t iga t ion  i s  t o  study t h e  
e f f e c t  of t h e  n e t  c a r r i e r  concentration along with the  degree of 
compensation within the  sample on the  detector  performaxce. This 
requires both a t h e o r e t i c a l  and experimental study of t h e  f a c t o r  Ki an3 
i t s  dependence on these  parameters. A high value f o r  K' i s  des i r ab le  
toward a lower NEP and conversion loss. 
m 
Another problem of i n t e r e s t  i s  t o  study the  temperature dependence 
of  t h e  detector  performance. This requires accurate  and r e l i a b l e  
means f o r  temperature cont ro l  and measurement i n  t h e  v i c i n i t y  of 
l i q u i d  helium temperature. 
temperature and the  s igna l  l e v e l  w i l l  a l s o  prove useful  toward under- 
standing t h e  hot-electron e f f e c t  a t  high frequencies 
The knowledge of  do/dT as a function o f  t h e  
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A th i rd  problem of i n t e r e s t  i s  the invest igat ion o f  the detector  
response as a function of t he  s igna l  frequency and t h a t  of  the microwave 
bias. This problem can be readi ly  car r ied  out  i f  t he  means t o  measure 
t h e  absolute value of  the  millimeter-wave power and t o  change the  coupling 
f a c t o r  a t  t h e  input  cavi ty  a re  accessible.  
The problem of reducing NEP should a l so  be given some consideration. 
It was shown t h a t  t he  l imi ta t ion  on the  detector  noise performance 
i s  imposed by the postdetection system. Studies t o  reduce the  noise  
contr ibut ion i n  t h i s  system could lead  t o  a reduction of as much a s  12  53 
i n  NEP. 
Finally,  a challenging problem i s  t o  xeas.:,?*s :!:e ~ ~ s ; c z s ~  ::.-:e 
and check i t s  dependence on the  various parameters. T h i s  can be done 
ind i r ec t ly  by operating the  system i n  a heterodyne arrangement and 
measuring t h e  response as a function of  IF. I n  addition t h e  f e a s i b i l i t y  
o f  using t h e  device as a narrow-band tunable detector  i s  very important 
and should be investigated.  
APPENDIX A .  FUNCTIONAL DEPENDENCE OF THE CONDUCTIVITY ON THE MILLIMETER- 
WAVE SIGNAL AMPLITUDE I N  THE PRESENCE OF THE MICROWAVE BIAS 
In o rde r  t o  e s t a b l i s h  t h e  dependence of  the  conductivity on t h e  
incident millimeter-wave s i g n a l  a t  l i q u i d  helium temperatxre, the  concept 
of e lec t ron  temperature w i l l  be used. This concept i s  applicable s ince  
it  was shown64 t h a t  t h e  sca t t e r ing  mechanism i s  dominated by ionized 
impurity sca t t e r ing .  
t he  conduction band a r e  i n  thermal equilibrium with t h e  l a t t i c e  whose 
temperature i s  T . When t h e  material i s  i r r a d i a t e s  rke  a-,-erage e l ec t ron  
temperature of t h e  f r e e  c a r r i e r s  w i l l  increase above t h e  l a t t i c e  
temperature due t o  the  f a c t  t h a t  t he  r a t e  a t  which t h e  energy i s  
r ed i s t r ibu ted  among the  f ree  c a r r i e r s  i s  much lower than t h e  r a t e  o f  
t r a n s f e r  o f  energy from the  e lec t rons  t o  t he l a t t i ce .48  The average 
e lec t ron  temperature Te can be wr i t t en  as 
In  t h e  absence of  any rad ia t ion  t h e  e lec t rons  i n  
0 
Te = To + Tx + Ti , (A. 1) 
where To = t h e  l a t t i c e  temperature and i s  assumed t o  be independent 
of t he  s ignal ,  
Tx = t h e  increase i n  the  electron temperature due t o  t h e  micro- 
wave bias and 
= t he  increase of  t he  e lec t ron  temperature as a r e s u l t  o f  t h e  
Ti 
millimeter-wave s igna l .  
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T .  can be obtained by making a Taylor s e r i e s  expansion o f  t h c  
1 
energy balance equation,48J72 which can be wri t ten as 
(A.21 
where E = t h e  average energy o f  t h e  electron, 
Pf = t h e  average ra te  a t  which power i s  absorbed by t h e  sample, 
P = the  average ra te  a t  which an electron loses  energy t o  
t h e  l a t t i c e  and 
n = t h e  number o f  f r e e  c a r r i e r s  pe r  unit  volume. 
Referring t o  Fig. 3.2 P can be wr i t t en  as f 
where y 
millimeter-wave s ignal ,  respectively; G and 1 arc? The c2x-itY and 
l i n e  conductance a t  t h e  microwave frequency and G and Y a r e  the  
corresponding quan t i t i e s  a t  t h e  millimeter-wave frequency. 
and y a r e  t h e  conversion e f f i c i enc ie s  of t h e  microwave and 
0 
0 0 
Subst i tut ing Eq. A.3  i n t o  Eq. A.2, expanding i n t o  a Taylor s e r i e s  
about t he  point  (To + Tx) and keeping only t h e  f i r s t - o r d e r  terms y ie lds  
YK(G + Y) aO 
F 'iTi 1 YoKOo + 
dg(Te) dTe 
- -  
0 +- Go + ' 0  ( K O ~  + G + u>2  e d t  dT e 
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where t h e  values of the  der iva t ives  a r e  taken a t  Te = To + Tx. 
absence o f  t h e  mill imeter s igna l  Ti = 0,Eq. A . 4  reduces to t h e  following 
form: 
In t h e  
where c = dz(Te)/dTe i s  the  e lec t ron  spec i f i c  heat .  
On subs t i t u t ing  Eq. A . 5  i n to  Eq. A.4 the following r e l a t i o n  r e s u l t :  
dT Y Koo Pi YK(G + ')Pi do di- '(ToJe) 
Ti - T - ET.- 
e dT 
- .  s + + G + Y ) 2  dTe ' Koo + G + Y nVsC dt = (KOo 
( A 4  
jamt 
Assuming T = Re(Tio e ), where u i s  t he  modulation frequency i m 
of  t he  inc ident  millimeter-wave s i g n a l  and subs t i t u t ing  i n t o  Eq. A.6 y i e l  
-I 
YKOo dP(Te,To) yK(2 + Y)P 
i ' 5  + jilcl\ 1: 2 P, 
J dT I:! 8 [ nVs dTe (Koa + 2 + Y)' e - Koa + G + Y Ti - 
(A:() 
which can be s implif ied t o  t h e  following form: 
where 
-1 - 
d'(TelTo) yK(G + Y)Pi - -  "j 
C dTe ncVs(Koo + G + Y)' dTe 
(A.8'1 
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It was shown by K ~ g a n ~ ~  t h a t  
(A.10) 
where ‘t = t he  energy relaxat ion time o f  t he  c a r r i e r s .  ?h?ref’cr? T e 
c a n  be related t o  t h e  energy relaxat ion time -re of  the c a r r i e r s  as  
f 0110 ws 
(A.11) 
~ K ( G  + y)pi 
ncVs(Kao + G -I- Y ) ~  
a = [ k -  
Once the  value o f  Ti i s  known it becomes a st??,ig?-:fc?-zr5 : ~ C ~ ? S S  
t o  derive the  dependence of  t h e  conductivit,  OF- t h e  ir-ci%Et mill imeter- 
wave power. Expanding t h e  conductivity i n  a Taylor s e r i e s  and r e t a in ing  
only f i r s t -o rde r  terms r e s u l t s  i n  
where the  der iva t ive  i s  ca lcu la ted  at T = To + Tx. 
i n to  Eq. A.12, t he  change i n  t h e  conductivity as a r e s u l t  o f  t he  
incident  millimeter-wave s igna l  can be obtained and i s  given by 
Subs t i tu t ing  Eq. A.8 
Ao = KmPi 
where 
(A.13) 
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